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FOREWORD

This report has been prepared by the Space Systems Division of
the Martin Company in compliance with NASA Contract NASw-534,
""Human Factors Comparison of Direct and LOR Modes for Project
Apollo Mission." Supplementary data which is not required by the
contract but which will be beneficial to NASA is submitted under
separate cover as Engineering Report No. ER 12750,
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. _INTRODUCTION AND APPROACH

Mission success and crew survival are prime considerations in the Apollo pro-
gram of manned lunar expeditions. Accordingly, reliability and safety are being
given major emphasis in both NASA and industry studies of Apollo systems,

The large background of experience and data which supports the estimation of
equipment reliability does not exist in the area of crew performance reliability. But
the reliability of a man-machine system is dependent on the degree to which man can
successfully perform his assigned tasks. It is therefore important to make maximum
use of the available applicable data to assess crew performance and its influence on
the Apollo mission. The present study is an attempt to determine, for two modes of
manned lunar flight, the effects of crew performance on system reliability, The two
modes investigated are the lunar orbit rendezvous (LOR) and the two-man direct flight
(DF). Although the study is primarily directed at exploring the possibility that crew
involvement may affect the relative desirability of these two approaches, it is of po-
tential general interest in that it represents an initial step toward the development of
methodology for consideration of human reliability in systems engineering.

The six-week program was conducted by the Martin Company, Space Systems Divi-
sion, for the Office of Systems (OS), Office of Manned Space Flight, NASA Headquar-
ters in accordance with Refs. 1, 2 and 3. The importance and complexity of the sub-
ject warrant treatment in far greater depth than was possible in the six-week period.
Thus, although some of the results have necessarily been presented in precise quan-
titative form, they can only be regarded as indicative of trends.

Clearly, the significant problem faced in this brief investigation was that of ana-
lyzing crew tasks and expressing crew performance as a quantitative system reliability
input. Design and system analyses were conducted only as necessary to provide
the framework for determination of operational functions, identification of subsys-
tems, definition of man-machine relationships and estimation of reliability. For the
DF vehicle, gross preliminary design was accomplished in accordance with ground
rules provided by the Office of Systems; the LOR configuration was based largely on
Martin's previous design effort in connection with the Apollo and Lunar Excursion
Module proposals.

Basic equipment-only reliability estimates were established by the Office of Sys-
tems., These were modified to reflect fundamental design modifications and to per-
mit consideration of major subsystems (e.g., power supply and environmental control
systems) which were not included in the OS data. The modified estimates represent
the reliability of a fully automatic system for each mode. Man-machine relationships
were next established on the basis of mission, function, design, and crew task analy-
ses, and crew functions were assigned accordingly. System reliability was then re-
estimated, initially on the assumption of 100% crew performance and finally using
crew performance as estimated from human factors consideration, Where the results
indicated nonoptimum use of the crew, man-machine relationships were modified and
the process was repeated.

The study has been restricted primarily to ''nominal" missions, since any gen-
eralization based on malfunction and emergency considerations would require analysis
of an impractically large number of possible failure combinations. Several repre-
sentative emergencies have been examined, however, and are discussed separately.
Repair and maintenance considerations are also treated separately,

g
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The analysis of human performance in terms of reliability over extended time
periods is a most difficult task even in a laboratory situation. The factors which ap-
pear to contribute to the reliability of performance are numerous and nonsystematized
within the experimental literature. An additional problem appears to be the subject
population utilized in the studies performed. No valid correlation can be expected
between the experimental tracking task performance of a college sophomore or an
institutionalized patient and the in-flight tracking performance of an astronaut. The
extensive operational experience, skills, and attitudes gained by the astronauts prior
to selection, and the high motivation developed prior to and during a flight, cannot be
represented in an experimental situation with an "'average'' population.

These considerations have been observed in a number of long duration space flight
simulations. A recent study (Ref, 4) using a 15-day confinement period and two op-
erational B-52 crews indicated the effect of motivation on simulated crew perform-
ance. The volunteer crew was less affected by the confinement conditions than the
nonvolunteer crew., Another study on a 7-day simulated lunar orbit mission (Ref. 5)
indicated the importance of crew composition as to the occurrence of performance
and personality effects. The test pilot crew member was less affected by the confine-
ment conditions than the other two individuals trained in scientific disciplines., In
another recently completed study utilizing test pilot personnel (Ref. 6), no significant
performance effects were noted due to sensory deprivation or confinement during
missions as long as seven days.

Though high motivation and crew composition are of obvious importance in at-
tempting to ascertain the reliability of performance on an a priori basis, other ex-
perimental variables are also important. The results of Ref. 6 clearly indicated the
importance of a good display system, and crew training and familiarization, to the
reliability of task performance after extended periods of flight. Another very im-
portant variable in the measurement of crew reliabilities is the realism of the tasks
utilized. Generalization of data from simple psychomotor tasks to the tasks anticipa-
ted for lunar flights is difficult or almost impossible. Therefore, the performance
to be evaluated as to crew reliability must be based on realistic tasks, performed in
a realistic time-trajectory relationship. A review of the available literature revealed
that only two studies have utilized tasks based on realistic lunar trajectories (Refs.

5 and 6).

With the above-mentioned difficulties and the importance of the indicated factors,
‘a valid estimate of crew reliability for any long term space mission can only be made
from data obtained from simulator studies encompassing, to some extent, each of these
factors. However, the realism of actual flight is still not present and the data must
be judiciously generalized to actual flight situations. Therefore, a major assumption
of the present study was to consider only data which were obtained in a realistic
situation with an astronaut or equivalent population. This assumption restricted the
available data to some extent, but it also provided a more valid estimate of perform-
ance reliability.

Degradation of crew performance during an extended lunar mission may easily be
suspected from an inspection of the literature on confinement and sensory deprivation
and a description of the lunar systems. The literature indicates that a number of
factors in man-machine systems warrant attention in consideration of crew perform-
ance deterioration:

(1) Long term monitoring performance,

(2) Restrictive volume.
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(3) Task complexity.

(4) Biomechanical or environmental stress.
(5) Anxiety or general psychological stress,
(6) Continuous complex task performance.
(7) Fatigue.

(8) Sensory deprivation,

As will be discussed later in the report, Items (6), (7) and (8) were eliminated from
the list of significant factors for the present study--Items (6) and (7) by task assign-
ment and duty cycle and Item (8) by analysis of pertinent simulation results.

The methods of analysis of these factors, the estimation of crew performance re-

liabilities, and the incorporation of the results into overall system reliability estima-
tion, are all discussed in appropriate sections of the report.

~
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I1. CONFIGURATIONS

The reference configurations for the LOR and DF modes are shown in Figs, II-1
and 1I-2, Onboard systems are covered in Section III,

For both modes, it was assumed that the launch vehicle has a maximum effective
payload capability of 90,000 1b to escape. This includes spacecraft, spacecraft adapters
and necessary fairings, and launch escape system. Figure II-3 contains the mission
profiles, the velocity change (AV) requirements and the identification of propulsion
units employed in the various thrusting phases. The AV requirements for the LOR
mission were based on information obtained from the Lunar Excursion Module (LEM)
RFP MSC-63-181P, and the LEM Bidders' Conference technical briefing of 15 July
1962, For the DF mode, the AV values were modified to reflect the reduced require-
ments associated with elimination of the rendezvous considerations.

A, SPACECRAFT DESIGN
1. LOR

The LOR spacecraft design is based on LEM and Command Module layouts pro-
posed to NASA by the Martin Company. As shown in Fig, II-1, the spacecraft consists
of a Service Module (SM), a Command Module (CM), and the LEM, with an overall
gross weight of 87,300 lb, Storable propellants are employed throughout; the unstaged
SM has a 45,000-1b usable propellant capacity.

The LEM payload weight is 3380 1b, not including the crew, Total LEM weight is
22,000 1b., The lightweight aluminum skin structure is possible because the LEM is
contained within the CM/SM adapter throughout the launch phases and the LEM is
therefore not subjected to aerodynamic forces or high acoustic levels. The LEM pro-
pulsion system is sealed until lunar orbit is attained; the last stage of the launch vehi-

cle is used to stabilize the LEM during the initial repositioning phase of the LOR mis-
sion,

The design weight for the CM and its related SM-borne equipment is 13,750 lb.
Available data indicate that current Apollo weight estimates show approximately
12,000 1b for this combination. Thus, the spacecraft design shown can be considered
to provide for an 11% growth in systems weight

(13,750+3380 -1 = 0.11).

12,000 + 3380

The volumes available for crew use are 233 cu ft (approximately 78 cu ft per man)

in the CM and 106 cu ft (53 cu ft per man) in the LEM, Display areas are 15 sq ft in
the CM and 7 sq ft in the LEM.

2, DF

In accordance with Ref. 2, preliminary design of the DF spacecraft, Fig. II-2, was
based on a 120-in., diameter CM geometrically similar to the three-man CM. Onboard
system weights for the two-man eight-day mission were derived assuming the same
type of systems as for the LOR mode (i.e., systems under development in the present

-
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Apollo program). A weight allocation for specific radiation shielding was assumed
as two-thirds of the shielding weight provided in the Martin three-man Apollo CM de-
sign, or 466 lb,

The estimated CM-plus-equipment weight was 8932 1lb, For consistency with the
LOR design philosophy, a payload weight growth allowance of approximately 10% was
included, and the remainder of the spacecraft configuration consisting of a lunar land-
ing module and a lunar launch or SM, was sized for a 9800-1b payload.

Several main propulsion approaches were considered for the DF spacecraft; pres-

sure-fed storable-propellant attitude control systems were used in all cases. Esti-
mated weights for five configurations were as follows:

Gross Weight

Configuration Service Module Landing Module (1b)
A Storable, pressure fed Storable, pressure fed 186,000
B Storable, pressure fed LOX-hydrogen, pump 123,000
fed .

C LOX-hydrogen, pres- LOX-hydrogen, pres- 97,000
sure fed sure fed

D LOX-hydrogen, pres- LOX-hydrogen, pump 93,000
sure fed fed

E LOX-hydrogen, pump LOX-hydrogen, pump 87,800
fed fed

In view of the 90,000-1b launch vehicle payload limitation, Configuration E was selected
as the study system, and pump-fed LOX-hydrogen main propulsion systems were em-
ployed in both the SM and the landing module,

The CM size limitation results in an available crew space of 80 cu ft, or 40 cu ft
per man., A volume of 103 cu ft remains for equipment storage. It was assumed that
this volume would be adequate to contain the necessary equipment, although this would
require a higher equipment density than that achieved in the three-man CM design
studies.

As discussed in Chapter IV, the crew space limitation is a major factor affecting
crew performance. Although several new CM design approaches might be considered
for increasing available crew volume, such design effort was beyond the scope of this
study. For a CM geometrically similar to the present design, it is estimated that
provision of 70 cu ft of space per man would require a size increase in diameter to
approximately 132 in., and a corresponding increase in spacecraft weight to a total
exceeding the launch vehicle capability.

SRS
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Display Area
Equipment Space

Crew Space

Apollo  LEM
15 12 7 142
16765 5383

II-3

) 142 in.
|
[ 154-in, dia -
o
140 in.
(665)
55 ft P in
i
Propellant | Engine [ Stage J
Stage Use av wt'(1b) Thrust | Weight
Basic (1b) (1b} ‘
| 154-in, dia -
[Command Module] 13,750 |
[LEM rendezvous, lunar i
orbit ejection, Trans- 4,913 14,000 i !
earth correction }
Service Module 22,000 | 50, 000 |
Translunar correction, |
lunar orbit injection, | 3,883 27,200 |
plane change |
Deorbit, brake, hover ke
LEM » . A 8800
land, takeoff, 14,620 15,200 21,560
(less men) rendezvous with CM ’ 3000%
Adapter 2,000 220 in.
Total wt 87,310
LOR Payload Breakdown Weight
{1b)
CM/SM LEM
CM/Launcher-Structure 3,630 507
CM/Launcher-Equipment
Reaction control system 462 403
Landing system 534 --
Electrical system 350 141 —4166-in. dia-—
Environmental control 542 270
Instruments and displays 245 28 228 in,
Furnishings and equipment 489 122
Crew and suits (1) 222 (2) 444
Communications 105 118 il
Instrumentation 252 173 —
Scientific equipment - 32 ‘ 163 in.
Guidance and navigation 454 333 \
Stabilization and control 144 144 ‘ - S
Radiation protection 700 -~ i [ i {
Total 8,129 2785 ‘ 7 N
SM/Lander-Equipment '
Electrical 1,713 335 ! H
Environmental control 498 383 ) Ground Line--Gear Fully Extended I
Communications 162 46 ‘ l
Guidance and navigation 60 31 I T
Attitude control 729 -- ——260-in. dia
Furnishinga -- 49
Instrumentation - 33
Scientific equipment - 218
Separation system 30 23
Total 3,192 1118
Payload Total 11,321 3903

II-1. LOR Configuration
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Internal

Volume

Pressurized Area 183.4 113

Propellant Eng Stage
av Type Weight | Thrust | Weight
Stage Use ab) b) 1b)
Lunar takeoff to lunar 18,900
11 orbit, lunar orbit 10,613 | LOX, LHZ 15,000 | 11,500 | Payload
ejection, transearth corr 9,800
Translunar corr, lunar
1 orbit insertion, plane 11,013 | LOX, I_,H2 49, 000 128,000 | 57,700
change, deorbit, braking,
hover and touchdown Fuel Cell
Landing gear fairing 1,500 Battery (3
Total weight 87,400

145-in. Radius

Collector

V.

Parachute
Equip.

Feces

Diameter

Re-entry Posil

Landing and

Payload Weight
(1b)

CM Structure, Heat Shield, Etc.
CM Equipment

Reaction control system
Landing system
Electrical system
Environmental control
Instruments and displays
Furnishings and equipment
Crew and suits
Communications
Instrumentation
Scientific equipment
Guidance and navigation
Stabilization and control
Radiation protection

Total
Service Module

Electrical
Environmental control
Communications
Guidance and navigation
Attitude control

Total

A=A Payload total
Growth provisions
Design payload weight
Displays
45° . (I.
’ ’
Hatch Bquip " Display 10 1t
Total Equip. Space
/ Volume 103.4 £t3 s
i Crew Area Volume 80 ft
Equip.
N2 O41 -
He He
Ny 04
Lunar Landing N, Hy Ny H,
Vision by Periscope
tion and TV Camera
O LH, 1
A 2 A (14 1t
4in.)
Lt 7N,
N (Hef
a < L
F - 0,0
LT IXLo \ 2, He
=gl NS 471t
LOX !.14 i V=3
\ N
L‘\J._} \ S 4 Separation Plane §
k__ J"L N 02 2 ft
/ - 8 in.
N Landing CG 155-in. Dia
Diameter
[ ,u’ W\ { Exhaust Ports
‘ NN ARG (16 ples) 1
| (241t
] N 7 in. )
N\
/ N \
/ \ \ B
!
\
48 ft to periscope\\

g

Ground line, gear extended

Fig. II-2.

DF Configuration

T
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1106
353
162

60
700

2291

42086

2435
8932
868
9,800
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[11. SYSTEM ANALYSIS

This section presents a brief summary of the operational and systems analyses
conducted to define mission functions and sequences.

In order to evaluate the capability of the crew to perform assigned tasks it is nec-
essary that all functions, both man and machine, be identified for both the LOR and
the DF missions. The functional analyses provide the following:

(1) Systematic development of mission profiles to the maneuver phase level.

(2) Chronological identification of all mission functions.

(3) Definition of operational requirements as a basis for system configuration
definition.

(4) Definition of spacecraft subsystem functions by mission phases.

(5) A basis for development of the recommended man-machine relationship
considering reliability, weight, volume and state-of-the-art limitations.

(6) Definition of manual functions as a basis for crew task analysis.

1. Mission Profiles

The profiles for both the LOR and DF missions were defined to the maneuver phase
level and are based on the general profiles outlined in Fig. II-3. The mission profile
for LOR was developed during the LEM/Apollo proposal effort and is consistent with
the mission concepts and requirements of NASA's LEM RFP MSC-63-181P, dated 24
July 1962. The DF mission profile was developed using the same overall mission
profile concepts of the LEM/Apollo, except for the obvious differences that no repo-
sitioning during translunar flight is required and that the lunar landing and the ascent
to lunar orbit are made directly.

Previous studies of the Apollo mission (reflected, for example, in Martin's October
1961 Apollo proposal to NASA) considered five midcourse corrections during translunar
flight and five during transearth flight., The OS reliability estimates for the present
study were based on two midcourse corrections for each of these phases, In the cur-
rent analysis, the higher number of corrections was used in determination of crew
tasks and workloads. For consistency with the OS figures, however, the two-correction
assumption was retained in estimating equipment and system reliability.

The mission profile for the LOR is divided into 67 maneuver phases and the DF is
divided into 55 maneuver phases (see Figs. III-1 and III-2), In subdividing the pro-
file, minimum phase increments were selected so that most of the major functions
(= 75%) within the phase would require completion before the next phase. The degree
of detail, however, was held to a moderate level consistent with the scope and intent
of this study.
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2. Primary Functional Analysis

Figures III-1 and III-2 represent the primary functional analyses conducted in
accordance with the mission concepts to identify all major functions occurring dur-
ing the normal LOR and DF missions, whether performed by man or machine. These
analyses provide a qualitative basis for determining operational and functional re-
quirements for the subsequent configuration development of the spacecrafts and their
subsystems.

The primary functional analysis for LOR is essentially that conducted during
Martin's LEM proposal effort, modified for consistency with the present study ground
rules. This analysis included the systematic identification of 81 categories of signifi-
cant normal functions for 67 phases of the mission profile; i.e., a matrix of 5427
function/phases were analyzed., Functions occurring within each phase were identified
with respect to the appropriate spacecraft module.

The primary functional analysis for DF was developed on a conceptually equiva-
lent basis with the LOR, allowing for the fundamental differences between the two
missions. This analysis included the systematic identification of 71 categories of
significant normal functions for 55 phases of the mission profile; i.e., a matrix of
3905 function/phases was analyzed and identified with respect to a specific space-
craft module,

Using the primary functional analysis for DF, the operational requirements by
major system categories were defined. The scaled-down two-man system was re-
viewed to assure that the subsystems possessed the required functional capability
considering size and weight limitations. A brief comparative review was also made
of the LOR configuration for consistency between the updated LOR primary functional
analysis and the operational capability of the proposed LEM/Apollo configuration,

3. System Functional Analysis

Subsequent to the development of primary configurations and system design, the
DF and LOR were analyzed to the subsystem and major component levels to assure
compatibility with the operational/functional requirement, These analyses serve to:
(1) evaluate system configuration and design, (2) define automatic versus manual re-
lationship, (3) identify crew functions to provide a basis for defining man-machine
interface and (4) provide a basis for performing an analysis of crew tasks.

Preliminary studies indicated that, from the reliability standpoint alone, a re-
dundant automatic system with manual backup for decisions, sequencing, switching
and control would normally be preferred. Initially, the system was so visualized.
Automatic functions were then reviewed to determine those which could be performed
manually with high reliability such that, considering state-of-the-art limitations, a
weight/reliability tradeoff would favor the manual approach. The preliminary sys-
tems configurations were then revised to reflect the recommended incorporation of
man in the loop. One significant factor in the assignment and analysis of manual
functions is that the nature and importance of certain tasks, and the available time
and information for verification and correction, are such that manual operations can
be designated as repetitive., Where clearly justified, this "manual redundancy' was
incorporated in the reliability models.

Figures III-3 and III-4 summarize the system functional analysis of the LOR and
DF systems configurations, respectively. These figures list the major subsystems
and/or major components for the two Configuraiions. The functions determined dur-

b
ER 12725




ITII-5

% ] §g--uoneredos g-g /W1 T uopwaedes I
v X mreesURaL--FL s110d jeneuRd £
W XXX X eoReQ TwutvI--qT 800p 59300V °Z
v uy X x X smponais 1 fempnng  H
1940 JWuM--0F
W X - spje Supue  °y
v X JwanteueLL - -L 8qe ABioud Baawg ‘g
5 av--v W a0 Qe --OF @inaie Suppuey g
@ x “dn-70vq Teme Qi Amqeus oine soromea (3 §5--Ao1dop snng  *1 [umopgonoy, seun D
W X reseyd 3wy jo T 20f ewee SROUNT TIV uneuy dwey (oS "
" X ‘uojjeaado ojnw jo BuTqeus [Wnuew KIjoUSd T dinba ojydesBowsies ‘L
W X p od Teus {108 ¥ ¥0OH ‘9
W x uOTe2ado TenEWI 4 OIN¥ jO WHIUIWOD A0S D JoureIEoD wImyea 03dS  “g
n X ‘uoyesado Temuwm s20usg W ssremonoads pey 'y
W X y iejawoiaudey ‘g
W X ‘uolezedo one sdjoued v IjemolABID 2
N X ‘uopeIado jo PO JOF UWNIOD ‘H Y 999 FIURT X Teue sowse geurvy ‘1| dinbe OUMMAS  d
W X X X XX X SALON Tousaixe-vIawEd AL T waeuy 240 F
Vo §§--8ura} AHA /AL 3od 2
uv--v| v @ S--JOPEIIE ¥ [9A ‘1| uopeommwmod g
v v ] X X §§--jeou PIbIT g
v av vl X X ss--A1ddns Zo ‘g
v vy v | X X gs--Addns 00 °1 oD voIAUT D
- my--y uv--v @ $§--w0d F WIA ¢
v v vl x §5--Alddns tand g
v ny mv| X X SS--peq M0 PN °T amd “petE g
- Vv v @ §5--9922d N Aiddns doag '€
v X X X ss--Buyequiid g
- vV vl @ suthug ‘1 uotsyndoad 'V
YAANVT-WET “Al
v X X my v my[X X X ulqes smead 'y
Voot e e x‘ﬂ, XK B WX XXX 1x - - S B - b S - B T —
n X X X ¥ X 83yxEH ‘g
v X X XX av 182 mv| X X X aamponng T Teamponns M
- = §5--das T/WAT 1T uonEredss  °r
n X X nv v V| ¥ X 1,dimbe Baewd -9
W X XXX X £S--uohEjIUEE ¥ I3jem ‘pood ‘g
n X §5--3dns a;p 330d
W X X my nvy X X s)Ing aoeds  °p
W X X X X X X X X| X §G--juIR}8IY "2
w X ay vy | ¥ x wes T dmba mead T
W X X X Ss--wod 3 deig@ -y
W X X X adoogatay ‘9
v X X X (Teuta)u}) Besawed AL ‘S
D X X X FeJawed 0j04d b
W X X X aapaoves adel ¢
- v v a s w0 TeNSIA 2
- v v a Ss--Wad 1 wasul 840 H
- o > a SS--AL JNOI0 pasol)  °g
- v v i SS--wwoousu]  ‘p
- v a awped ZpUI @71 puEd-X ¢
N v v oa $§--41Sa T
. Y v SS--dHA T )
v X S5--1000 YounERd L
X X ny v my| X X 1000 3,dinba g
X X v nv | X X $§--1000 PINbIT  °g
X X vy ny uy| X X zotesoders d3%eM P
[
X % | X X gs--Aiddns %y ¢
¥ X ty v | X P
X X nv--v ny--v uv--v| v §5--A1ddns e uiged /IS °1 o) voanaug  'd
v X X XX v §§--w02 % 181d T
- VVVYV ny-v é) uz By-sataened ] amg w1 °F
N v §5--ssaxd % Addns doad ‘g
- v ® §--889ad % Addns doad  °g
x §S--Bnpquin ‘g
- V@ autBug uorstndoad ‘D
v vl x x wf v v Wun Aiddns semod ¥
v v [ X w| v v SS--J91 pMNY €
v ny uy| v oBexoed oadd sjer  z
- Wn@v vy WHvyv@o v v 1pate-jondoiny  °t wop % 3qes "
v myl x X uvl x x Asse apa1g ‘g
mv--vy| @ v w--v| v I wundsip 3 Wwod 'y
- 20 2| 2 0 WWVDODY 2 849 YLdWD ¢
W X X X X X X X LA A ANO ‘%
v vy X X mwl x x H nwe 't PIND % ABN 'V
AJOTAVL-WIT “HI
v saseyd v sanonas 1 Teamionns  ‘H
v sasend 11V Sg--s208uas 946 3/S 9
v sasud TV §G--0916p aael) JET0S S
M sasoud IV S5--0239p UOISEIQY B
v saseyd 1Ty S--001ap waore BeW  °f
v saseyd Ty S§--2213p uonEIpEY  '7
v saseyd IV SG--0813p LU0 T waysuy Jadp ‘D
- a ny--v v--v vvvyva ¥ $Y~-IWPUE W PURA-X T s
. AVYY m--v av--v my--y| VVVVYVVa £8--EBA °1 wuod d
sesend TV §8--mo0 3 -9
sasend IV sojeipes ecwdg ‘g
soseyd 1y 3jn0a10 1000 BT ¥
sesed TV vaoBuwyoxe 18H ‘S
wosund My §S--Addne (g °g
sasend 11V SS--NEqTEd NS T g PAA A
v sogeyd IV ¥ §5--000 dinbg "y
v seseud 11y 8v 'Sy ANOIIO JuEfOO0 DYT  °E
v saseyd Iy 8% g% s10381pE 20edg  °Z
v saseyd IV £y ss--Aiadns ¥n 9 %0 -1 00 vonAUT Q.
[€) X 8¢ ss--das £-S/WS "1 uonesedss O
v X X [ X X X - sg--undoad ‘%
- v v oV v oy V@ --|  gg--6seud ¥ Aiddne dodg ¢
v x X K X X X 61, §s--Burequid -7
3 v v oW v oV v@ 81 “L1] suduzg 7 uorspndodd €
v XXXXXXXX uy Yy ny uy Sg--ssaad » Addns doud  °g
v XXXXXXXX ny vy y v ny 0z syun 1snagy, Wod 0eey 'Y
FTAGOW. IDIAYFS I
2 X 9¢ ss--dos WS °T
v X <] §5--das §AT ‘1 vonyeaedsg T
v B $§--uonyenuaje oedwy ‘g
v sasend IV 9 wiqes s8a2d 'S
VXX X X X X X XX x x ¥ X X XX X 69 smopum ¥
WX X X 59| Hoop ate ® seUOER  CE
v X 12| PraIys 1wdH ‘g
v saseyd 1Ty 89 ‘L9 ‘99 ‘€9 ampnng  t JLEUSELET I Y
v v @ 2L 21 Jun eouanbag ‘g
¥ §g--£o1dap pue 83WYY ‘T Bpu yeg P
W X X P B
8s ‘89 §8--140ddng a7 104 6
H X X X X % o5 “dinba daxa puE 0od '8
N saseyd 11V x .
N X X X XXX X x ¥s ewdinbs Aouslzowd L
- e
BXF X oxRE X SIS I X I
n soseyd IV X x 85 LS sjuswred pue SRS
Rxxx x x°% x |x «x * X X o NN
4 uresgoy ¢
X X X X X K X XXXXXX 08 JupenEsd ‘g
W sesend IV X 15 ‘0! ames T “dnbg #2230 T
W sesend 1y ‘gL fedma -
W saguud 11V 08 8L éé s{o13u00 vu:doa'lﬂgg .gr
v saszyd TTY £E ‘0f aelawed AJ, ‘8
W saseud Ty 3 Baewed ojold 'L
o X X qu X X X x I % % X X g¢| IUeWRIIBUL-IopIodsa adey ‘9
bad ssend Ty g #3330~ 29pa0dal adeL G
v saswd 11V ¢ Ss--WA/WA ¥
g x x b X X X X X X 15 €8 SS--WA/WVd £
VYVVYANWNNNWNR v--uy W--1tY .
W--In W--uv v--uy v--uy €€ $§--Wod T
v samsud 11y v £ 11 woo tenda 1 wxsuy 29d0  °H
F) sssend 11y ot ‘8z "iZ §5--AL ROIIO PISOLD '8
k) saseud 11y £z §6--wodIau} WD 'L
YVVVYD o 200 -
v a VO|VVVV VD §S--Bupped) yixed ‘9
vvvvva 5L ‘28 u00wsq JHA/AH S
AVVVVVY v--uv ¥--uy 28 uoa“qspsu-;g b
sL 28 g
vYyvvya avy VY Y vva £z S5--PIoW 3590 "dHA T
IVVVYVVY v--uy V--uv 12 '22 9 §§--dHA 1| suonwojnwwod °H
M X XXX 6L 190001 UORIHOF  °E
v XX XX 51 $85--000 1094 18NIYL 2
A4 X X X X 82 'Ll jax001 adwosy ‘1 doeg younw] "d
VyVVVVYV@ o ‘cy 5--A1ddns 80 -8
v saseyd 11V 8y ‘S $8-- Bujjoon younerdad 'L
v sarend 1y 8% §6- -2ujjooo uswdinbd g
v someyd 1V 8% sy S5--1ue[000 PINDY  °§
X X v uv v W XXX X XXX o a01ed0dBA® J910M Y
v sosend IV 13 §S--A1ddns O%H ¢
v soseud 11y 8y ‘LY ‘Gb 'S¥ V¥ T¥ --ualas ly ‘g
v sessyd 11V 8¢ ‘cy|  §S--Addns e uige/ns 1 0D noajAug  F
vV z9 Ss-iwoa pueimd ‘2
19 Uz . Vy--sozenwa 1 amd 0@ ‘A
VVVVY §6--9vaad pus Addns ‘dodd g
VYV VVYE 0z Son jenauL T o) Pea” D
v uy 3un A(ddns semod ¥
v uv v uv uy uv uy ¥1 388--33 Jpmny ¢
v X X X X X _ X X X £1 oBuqond oikB a1ey 'z
vV VEAVEAYEI@vA®| vy@vvvy vov vy vo@V@AV@ o @®vA vERE|vEA®?2 v--uv st ‘st somondae-tondojny 1 ju0D pus gmg ‘g
v sosend IV Ajquesse EoOm0NI ‘G
v sogeyd Iy yun Lerdeip pus 103u0d 'y
DOVOVOVIDDVOI|lVvOVYVYVY 200 YVVYVOD|VOVOODOVOIVVYDI|VIDD v--uy 218 '8 ‘L asyndwo) g
N XX X X XXX X X uy X X X XXX X X[ x XX € E 2T (uEixas eoeds pue) ANO ‘T
v uy v uy ny y vy uy 21 ‘11 aWr 1 PIRD pus AN Y
AINAOW ANVIWWOD I
- w - usdynb: 1]
N R R L T N I B A S L R R S R R R A 1 B suswdinba v
3 £ads -s,gnw-s,ongaznngg_uzggga;mgou'gggg-» gl8ddug|03¢§es E2scdga|lsgc|Cenvan-]
B FEES R EER IR EE AT EER]HE R R RS I IR IR B AR R N IR A AN R R Y &
2 &2 L o FE I [4 ERArE] »1.~«..o~o,,“.,5g-=n-;9x' =l <2503 £ SRES|RS <|B2 Jaflampm
g §rwme g SelmefadoiRmiEdEgis chof|ogb|Eo i) adeFinEyE 527 dE2InE 8 $°°5d
8§85 *F £ g 3E|sE 5En ERERCIESLSS E{Eg8 ="2|Eceag|"55%8 a%5 E£35|°§ 2 H 2%
g3 FE q®|e® 8 2 L W 5 8 ? ,? 2 B 5 5 2 2 5 a3 a o B a3 3 B
5 a s |3 g 283 §n g% ] H s b4 2 ¢ 2
< g 3 TUBR & 3 8 g 1
] 3 5 zolf 2 § 3
] b3 s = 4 3
e g2 e dla @
J 5 s g o
3 3%
wWBd WHT/ WSO WaT Wd1 o] W1 W3T/WSD [T [IGETS) WIOEY
yprsasuBLy, 11930 Teun WBY ao8jmg QX0 9383 Q10 JEUnIsUELY, upeg wreg
Jeun Jeun Jeunr Jgun- Jeun

8
-l

L)
("]
ol
"
LS
—
g
-
g
Q
o
-
g
[£%
g
o
L d
>
[0

ER 12725




wa}s£8qne ¢ SSx

(28n 2a1109135)

(@80 2A7037199)

III-6

v X I : I s10d 19neyxd g
N X X i 1 ¥9 BIOGP 88300V 2
v | soseyd |1y | 19 ‘99 ‘S9 ‘29 aanjonni§ 1 mamonns 4
(*1edo ‘ojne ue Buijqeua Airensn) X 1 Juswnnsu; dmay 10§ 8
‘;‘{ uoneaado uoheUIqUOD sAj0usd D o i :g dinbs opydesSomsiss L
n uopesado renuew 83j0udd W X i 13 Teue {jo# pue )podu ‘9
ES UOD UINYIT I .
ﬁ uoneJado onBWIOINE §AjOUId ¥V )}E ;g au‘:;;auxou::ads pl}si ‘3
W uopiedado jo IpOW 10) UWN[OI HY 38 sAjoU] X X 173 131201013UBEN €
W X ¥g 12j3W0IARID ‘T
Wl ‘SALON| x e [eue soune un] [ (WNISUL OPRUIIS  d
v [ X ! LE aoepraur deg WS 2
= ' x 8g §§--das AT 1 uvonjesedas ‘g
W X D spre 3puy ¥
v X . zL sqe Afaaus Buswd ¢
v X i ZL mnas Spul (2
M X X X X X M i s5--kordop g ‘1| umopyomop un D
n X XX X X . sg--ssead anEn 2
n XX X X X afeaoig §6--A1ddns Ja1em [ oauo) uodwwug "
v X ¥ X X X X -- §s--mn doad ‘¥
e 'R v v v v @ - §5--ssaad pue K{ddas doud ‘g
v X X X X X X 61 §§--Burreqund ‘g
- vV v v v v @ 81 ‘L1 SS--(s)awdum 1 uorsindoad "V
i 4TNAOW ANVT NAT T
W xx 1 ‘ +9 8I00p §8320Y '
v i saseyd 11v 19 '99 ‘59 ‘Z§ aamonns 1 reamonns  H
1
v X i 9t aoejaalur dos WD T
Y X Le sg--des WTIT 1 wopiesedag D
v saseyd [TV €t 85 --sJosuas 848 3/S L
v saseyd 11y 99 ‘¢ $S--0313p 3IB]} JEIOS 9
v ‘ saseyd {1V £ S5 --0312p aAIFRIQY S
v sageyd (v Ef §§--oaj9p wois e ¥
v saseyd (1 99 ‘gg $§--2a)2p uopelPEY ¢
v saseyd [[V 9 ‘gg S§--2312p A[I0ANIN ‘2
i X X X XXX X X X X X X X X X 62 [euiaixs ‘erawmed AL 1 wmnsul 1260 A
T
-- AV V|V VYV W YVVYYVY | VVyvad € §§--JEpBL VE puBq-X 7 .
-- VYV VYV -y nv-v uv-v| uv-v W-vi vvvvyvyvyvd 2z §§--wwod JIsa 'Y wwed "d
v saseud IV 19 $S--1000 pue dsTG 9
v sageyd [y .- gi0reIpER 20848 G
v | saseyd [y -- JN2J12 {005 prabtT b
v ! saseyd [y uonjeaedas Jajem grafueyoxa jesH g
v saseyd [V -- gs--Atddng 1ang "z
v saseyd [V 09 $§--heq (192 AL 1 amd 121F  Q
v saseyd 1y Ly §S--1000 dinba "¢
M saseyd [y Lb by 1moalo Juerood b1 g
v saseyd 11V bbb sioieipes 208ds 'z
v saseyd [V zv 55--A1ddns Sy pue B 1 wod wormauy ‘D
-- v v v v v -- $5--vojezimn doad b
- v v v v vIE) ; - Sg--8801d pue Alddns ‘doad ‘g
v X X X X X 61 §S--Burrequd g
- v v v v ¥ [ 81 'Ll S5--suidum 1 uorsindord ‘g
v v v v v uv v uy | -- +55--883ad pue Addns doad 'z
v uvy| , uv v v ny v nv | Anua-ax 3dadxa [Te pue OF-02 syun BRIl 1 wop eV
AINAOW IDIAYIS I
v X 9g gs--uoneiedas WS ‘2
v ; X 13 gg--uoneredas g1 1 uoneaedag T
2(x (Butpuel WIEa) €L uopenuane yoedwy g
p saseyd [y €9 ulqe> aJnssdld ¢
v]X X X X X X X X X X X X X X XX X 89 sA0PULM P
Wlx XX X ¥9 NOOI-dte pu® SYINEH f
v X oL pIoMys jBaH T
v saseud 11V i 19 ‘99 *59 ‘29 armponag T Teamonng 'y
V@ [ 1L fzT Jun aduanbag g
| i [ : €L Gu--Aodap pue senysereg 1 Furpurny quaem  Cr
W 85 ‘LS gg--310ddns o171 a1qEIIOd ‘6
W X X X X X PG ‘dinba 381019X9 puw 29 '8
W % sageyd 11y €5 “dinba foualrawg L
Wl x ¥ X XXX X x x X X X X X XX X XXX X X zs S§--4318M pUE OO 9
wl % X X XXX X X X XX x X X| XXX X XXX X X 1c gs--uonTUEg G
n sageyd (1Y LS *9¢ sjuewae? pue syns soeds ¥
W X X b'e . X X (3urdeais) o yonoy ‘g
WX X X X X X X X X X XX X 1 X X X X X X XXXXXX 6% SS--1utedissy ¢
N ! gaseyd My 05 ‘6% sieag 1 ‘dmbyg ma1D I
" ; saseud Iy 08 ‘6L ‘3L sroau00 pue sAedsig ‘01
" : saseyd IV £€ adooBalaL ‘6
v . sageyd 11y €8 0¢ [ewialul- -geIawWed AL 8
35 saseyd |V ££ geIowWED O0Yd L
8 X X X X X X X X X X X X X X X X X dnyoeq pue WNIQUL ‘EE 1apiooas adel ‘9
" ; saseyd 1V 238N Mald ‘gf Japaodad ade] ‘¢
v : | saseud 1y walal madd ‘€E SS--WA/WI ¥
a x X x X X X XXX . X X X X X X waia} 998 ‘1 ‘EE Ss--WA/WVd 'E
-lvvyyvaaaazaaga VIV V-V v--v v--v:  ¥--TY 3--Tv v--uy v--TIv watey urtad ‘gg SS--WDd ‘%
v saseyd 11V jaa aurpy ‘urtad ‘gg ‘YT spore tendia ‘1 wmnsu 12d0 H
v A
- ‘ 1€ 'S§--SUBSI/AL eiqBMOd 6
o) : saseyd Iy 0g ‘62 ‘L2 S$--AL WNOIID PAsOlD g
3 | gaseyd [V €2 §g--wodIAUL ‘L
YVVVYVYVD vvvvyvy |[VYVVVYV|VVVD VIO|lvvvyvvyo - gg--ButyoRrl yuey 9
-ty a SL ‘28 uooeaq JHA/AH 'S
-lYVVVV3d AV VYV v--Uv v--1v yjaes Jeau ‘Z¢ uoowaq pueq-3 ‘¥
-1V 3 sL 2z §s--4H '€
I X a0 [AWIRIXS ‘£ §S--PI3Y; 483U AHA T
VY VVVYZR IVVVY v--TY V-V 12 2T ‘9 ss--4HA 1 uonEITIRWUIO) "D
v X X XX 8L 38004 UOTTRAL E
v X XXX 61 §§--3U0D 1084 IFIYL T
v X XXX 1L e 1a3001 adeosg °1 sdeosg youne| “d
M X 1A 20 4 §§-- ‘1000 uneald g
v eageyd IV Ly §§-- ‘100> “dmbs L
v X X uv v v v v | XXX XXXX d aoperodens ImEM "9
v gagueyd IV A2 44 §§--1ue[e0d pinbrT g
v seseyd IV 153 sg--Addne o°H ¥
v vy v v@d ‘2 fiddns %o g
v saswyd Iy LY '9¥ ‘St VY EY 2 gg--uafas 11y g
RS saseqd Iy i s5--A1ddns Ire viqed/png T o) uortAUF T
Slvvvvv@ 19 S5--100 pus i81Q T
YIX X X XX 09 oulz-J3AI® ‘satlaned 1 FEVYEQRIGLE (- e
-|lvvvy g ~—| #5§--'ssoad pue Liddns ‘doaq ‘g
Sl]YV Y VV 0z s3un eIy, 1 wo) ‘eey ‘D
v w w N\ X oy [ ny v uy uv asmod %S puT DIN pun £1ddns Jemod ‘¥
v w v wo M < % x X % v w ¥l wasks :;uua;u };;mmv ‘€
v X b'd x X £1 wnoed oxd3 aey 2
- lww v@y @y@g@v@ v @ a) v@@v é N K V@EE 7@3 V@ V@D o V@V @ V(:@D v--uv 91 ‘ST gooai0Ie- -jondomy 1 juop pue fIqws ‘g
v v
v w w v nvy - Alquasse goTUONDAT ‘S
v v w o |X X v uv vy ny y - un CerdsTp pue [OIjU0D ‘P
]2 VOVOVO2ODDVOVO2DO|VOIOVID o WAV DO20|VDOD|voVvDOoODOVYDOYDIV 3030 v--uv 21 ‘s L amndwion ‘g
W|XX X X XXX X X X X X X X X X X X X X X XX X X X X S e 21 jueyxas aoeds puE QWO 2
v v v v X X uv uy v v v £1 11 AWI ‘1 PIND pu® ABN Y
TTNQOW ANVWNOD ‘T
w o = C 0
.gg?;:;'ggg;ggggg:ESS%’;;;?%gm%?:gcggs5555S;;;ggg;r;;;ggg;gz;zzg NOLLONNA ININ4INOT WHLSAS
IR E T RS R R R IR IR R R R R A I A R A B R T R A A FRyeEafE HIANINVI
21Z 3% 50585 ..g.‘g.,:oﬂ--.,e,;,.a,.g.,s |25 88k o8 IS F st fEdteE
£18222°28¢8 Z5sl82alfd (€ Fuilg i e BE RS <8¢ 3184 F|ad g2 33
"5 1§ T5§ geE| 8 §9 [§25&83%|5y § g8 EEE o28% Elwb HBiwg 2 o
1 B3 Ea® El S g 3 & 3 3 a 3B 3 a 3 5143 &8 b4 2
2 ] K 2
2 ] ] 23 H ) g
g o 53 S g 5
E] ] 1 4
S, 3 o
2 s €
W 1140 wao8y aoujang yua08a( %930 B IO a8y
yaeasussl asun aeun aeuny Teung Jeun] seuntsueal paed mareg -——— @SVHd NOISSIK

System Functional Analysis, DF

Fig, I11-4,

N

ER 12725




L -7

ing the primary functional analysis are referenced in the "function'" column ad-
jacent to the corresponding items. Equipment usage and normal mode of operation
are indicated with respect to the maneuver/operation phase. The normal mode of
operation is indicated as E, A, M or C, where E denotes manual enabling of a mode,
A denotes automatic operation, M denotes primarily manual operation and C denotes
a combination of manual and automatic operation.

4. Man-Machine Interface

The definition of the man-machine interface is presented in Figs, III-5 and III-6
for the LOR and DE respectively. The purpose of this definition is to summarize, in
a form consistent with the basic equipment reliability tables, the areas and the man-
ner in which the crew affects system performance. The summary indicates whether
man is redundant to the automatic systems or is a critical man in the loop and whether
his function permits verification and corrective action.,

The interface definitions are based on the corresponding system functional analysis
and provide a basis for quantitatively incorporating the crew performance assess-
ment into the system reliability mathematical models. The four categories of crew
involvement considered are defined as follows:

(1) Manual backup to automatic system--for sequencing, switching, decision-
making and general systems management functions.

(2) Primary man-in-the-loop function--assigned as manual because of weight
advantages or state-of-the-art limitations,

(3) Primary manual function with verification/correction capability.

(4) Manual enabling of a mode of operation.

Functions which are to be treated in the reliability mathematical models as not critical
to mission success are so indicated in Figs, I1I-5 and III-6,

A, EMERGENCIES AND ABORTS

The general LOR and DF operations discussed thus far have been restricted to
"nominal" missions, with no failures or emergencies considered. A complete analysis
of all possible emergencies was not feasible within the scope of this study. In order
to gain some insight into the effects of crew performance during "off-design" situa-
tions, the abort profiles for both LOR and DF were reviewed; seven emergency situa-
tions were selected to be analyzed for the LOR mode and six for the DF, The situa-
tions examined were noncatastrophic emergencies involving several subsystems. They
were selected as having realistic possibility of occurrence and similar initial condi-
tions for both modes and only emergencies amenable to analysis and evaluation were
chosen. As in the nominal missions analyses, the functional steps and man-machine
relationship were determined for each emergency case. Crew tasks were then analyzed
and crew performance evaluated.

1. Abort Maneuver Profiles

The nominal abort maneuver profiles for both the LOR and DF methods are sum-
marized in Table III-1. This figure outlines the maneuver sequence required for
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aborts initiated from various phases of the mission profile. In general, the abort
maneuver sequence is either the same for both the LOR and DF, or the abort re-
quires normal mission return maneuvers. One significant difference between the
two configurations is that, prior to the lunar descent phase of the mission, the LOR
system has an additional propulsion system which provides a redundant abort pro-
pulsion capability. In both techniques, transearth return time can be reduced for
emergency purposes of 10 to 15 hours by selecting the maximum velocity return tra-
jectory limited by the earth re-entry capability of the Command Module.

2. Functional Analysis of Selected Emergencies

The situations selected for analysis were as follows:

(1) Meteoroid penetration of the pressure cabin at 22 hr after lunar landing.
The size of the orifice is 1/2 in. in diameter.

(2) Lunar landing engine failure occurring at the 1000-ft hover condition over

the lunar surface. The indication of the malfunction is a loss of chamber
pressure.

(3) Partial electrical power failure occurring 4 hr after lunar landing. One
crew member is out of the vehicle exploring the lunar surface. In the DF
mode two of the three fuel cell batteries have failed, and in the LEM two
of two fuel cell batteries have failed.

(4) Twenty hrs after lunar landing one crew member is disabled and incapaci-
tated for the return.

(5) Environmental control system failure occurring during the initial lunar
orbit insertion (partial failure of cabin and suit circulation). The blower
overheats, causing atmospheric contamination, cabin temperature rise to
115°, and reduction in atmospheric regeneration.

(6) Partial guidance system failure during second translunar midcourse cor-
rection. The guidance system fails to cut off engine and all subsequent cut-

offs are manual. Manual engine cutoff is 5 sec late for the posigrade cor-
rection.

These cases were considered for both LOR and DF. In addition, a seventh case was
selected for the LOR--that of a LEM propulsion failure in the low parking orbit after
lunar launch, resulting in inability to transfer the LEM to the rendezvous altitude.
No parallel noncatastrophic case exists for the DF mode.

The initial conditions and the functional analysis for these emergency operations
are summarized in Table III-2. No repair possibilities were included in this portion

of the study; repair and maintenance considerations are discussed separately in Sec-
tion VII.
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IV. CREW PERFORMANCE ANALYSIS

The methods and the data utilized to evaluate crew performance within the LLOR
and DF modes are presented in this section. The man-machine system factors con-
sidered as potential influences on crew performance are first defined and discussed
briefly. Next the system assumptions, mathematical considerations, and crew task
assignments are presented, followed by the results and discussion of the crew per-
formance analysis.

A. FACTORS INFLUENCING PERFORMANCE

The following eight pertinent factors were considered as possible influences on
crew performance during either the LOR or DF modes:

(1) Long term monitoring performance.

(2) Restrictive volume.

(3) Task complexity.

(4) Biomechanical or environmental stress.

(5) Anxiety or general psychological stress.

(6) Continuous complex task performance.

(7) Fatigue.

(8) Sensory deprivation.
A review of work already accomplished in previous studies indicated that three of
these factors--continuous complex task performance, fatigue, and sensory de-
privation--were either no problem or could be controlled by appropriate manipu-
lation of the crew or system within the constraints of the present study. The re-
maining five factors were all studied more thoroughly as to possible effect on crew
performance. The following is a brief description and discussion of each of the

eight factors, several of which are grouped for discussion convenience.

1. Long Term Monitoring Performance

Previous studies on manned lunar systems have indicated that 65% to 75% of the
total mission time is concerned with behavior which is essentially monitoring in
nature. The monitoring encompasses the following tasks:

(1) Detection of malfunctions.
(2) Detection of changes in system status.

(3) Periodic scanning of critically displayed system information.

(4) Systems management or the evaluation of onboard systems and in-
formation.

~m——
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The detection and scanning tasks are considered to take place throughout the entire
mission; their difficulty as a crew task is dependent upon the amount and different
types of information to be detected. The systems management tasks occur periodi-
cally throughout the entire mission.

A host of experimental studies and data available from the operational perform-
ance of radar operators, sonar operators, etc., indicate monitoring performance
to be easily degraded as a function of time on the task (Refs. 7 and 8). Reference 9
has indicated that monitoring performance may be considered as a special case of
decision-making rather than a discrete behavior entity itself. Further, monitoring
appeared in the present studies not to be primarily dependent upon time on the task,
but rather upon the criteria utilized by the operator during the monitoring period.
These studies further indicated that by manipulation of the criteria different per-
formance levels could be achieved. Also, there appeared to be a large subject
variability. Some subjects were able to adopt the proper criteria at the proper time
while other subjects were not. These criteria are currently being investigated as to
their relationship with different levels of motivation. However, data in the general
area of decision making indicate motivation to be an important variable. Therefore,
it would appear that with proper training in decision-making concerning the various
systems, the monitoring detection tasks performed by an astronaut crew should de-
grade insignificantly during a mission of eight days or less. This indication is
further enhanced if the mission duty cycle consists of duty periods of no longer than
3 hr and if music or other devices are utilized to offset any boredom due to a low
sensory input into the monitoring crew member.

Consideration of simulation data (Ref. 6) bears out the above statements. Dur-
ing the three lunar landing simulation studies conducted with trained test pilot per-
sonnel who were extremely well motivated, detection monitoring was performed at
a consistently high level throughout each flight. During the 75-hr and 164-hr flight
simulations, the duty periods for each crew member averaged 2.2 hr. The crew
utilized an onboard music system during the monitoring phase to relieve boredom.
The use of this system apparently did not interfere with onboard performance.

The performance of the crew was excellent as indicated by rapid detection of mal-
functions, aborts, and other events which occurred during the flights.

The class within monitoring which is called systems management is primarily
concerned with procedural tasks involving each of the subsystems. These tasks not
only encompass monitoring capabilities but also to some extent decision and switch-
ing capabilities. The simulations previously mentioned (Ref. 6) indicated some
gradual loss in this type of capability during the flight. The primary reason given
for this apparent degradation was the effect of lack of practice between the last
training period and the first time the task had to be performed. Whether these per-
formance deficits might also be due to confinement or restrictive environment was
not entirely obvious. However, it is believed that some component of this degrada-
tion might be charged to the restrictive environment.

The discussion thus far has primarily been concerned with the LOR mode since
our simulation data was obtained on such a system. It is believed that monitoring
detection performance would not be affected by more restrictive volume, even for
the considerably reduced volume associated with the DF configuration (80 cu ft
for the two men). It is believed, however, that systems management performance
would be more affected by the more restrictive volume. This belief is based on
the very drastic effects noted in confinement situations at very reduced volumes
(Refs. 10 and 11), even though these data do not meet the requirements of proper

—__
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sample population and task realism. A two-man confinement study conducted at

the Ames Research Center, which apparently showed an increasingly improved per-
formance with time, may seem initially to have contradicted this conclusion. How-
ever, since the confinement volume was considerably larger than that of the present
DF configuration, and since the performance improvement indicates that training
prior to the confinement may have been inadequate, it appears that the results of the
Ames study are more indicative of goal gradient behavior and learning effects than
they are of volume restriction.

In conclusion, it appears that there is a relationship between systems manage- X
ment performance and restrictive volumes. Precisely why a degradation should
occur at the lower volumes is not clear. It might be due to general psychological
stress or general somatic discomfort. The precise shape of the curve indicating
its long term effect will be discussed later in this section.

2. Restrictive Volumes and Sensory Deprivation

It is apparent from the latter portion of the discussion of monitoring performance
that one of the major effects on monitoring performance during long term flight ap-
pears due to the amount of crew compartment volume available. This has, indeed,
developed into a major assumption of the present study and deserves some explana-
tion. The effects of restrictive volume must first be differentiated from the effects
of sensory deprivation. Within the available experimental literature, it is diffi-
cult to make this differentiation since a majority of the studies confound both sen-
sory deprivation and confinement variables. It appears, however, that the effects
on performance are different for each of these factors.

The effects of sensory deprivation on human performance can be quite drastic.
Not only is task performance affected but also general psychological well-being
(Refs. 12, 13 and 14). In consideration of the two systems utilized in the present
study, no effects due to sensory deprivation are anticipated. First, although there
is a partial reduction of sensory input into the human system, the inputs are not
eliminated. Second, the results of the simulation reported in Ref. 6, which are
directly applicable to the cases under study, indicated no effects due to sensory de-
privation,

The effects due to confinement are not as dramatic as those experienced with
sensory deprivation situations (Refs. 5 and 15). However, there appears to be a
volumetric level at which some performance deficits occur. In reviewing the litera-
ture, this volume does not appear as a clear entity, but we can assert from various

simulation studies (Refs. 5 and 15) that with all volumes below 400 cu ft for two-men, )(

some deficits will occur. The important variables are time of confinement, volume,
and crew composition (Ref. 6). The effects may not be as drastic as halucinatory
experiences or psychotic behavior but may be such subtle factors as "forgetting"
learned performance, somatic complaint, and perservative errors in performance.
It is with these types of performance deficits that the present study is concerned.

For the present study, therefore, sensory deprivation has not been considered
as a potential cause of performance degradation. However, time of confinement in
restrictive volumes has been considered as an important variable, not only in moni-
toring performance but also in other types of performance. The method of evalu-
ating performance deficits due to restrictive volumes will be presented later in this
section,
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3. Task Complexity, Continuous Task Performance, and Fatigue

Task complexity. Another major variable which must be considered as a poten-
tial source of performance degradation is task complexity. In the analyses of the
two systems under consideration, four general categories of tasks (Ref. 16) have
been determined, as follows:

(1) Detection monitoring tasks
(2) Systems management tasks
(3) Switching tasks

(4) Control tasks.

Detection monitoring and systems management tasks have already been discussed.
The switching and control tasks must also be considered as to their potential com-
plexity. An analysis revealed that the switching tasks and control tasks were af-
fected in the same gradual manner as the systems management tasks. Monitoring
was separated because it was the task most constantly and frequently performed.

The complexity of these categories of tasks for the LOR and DF modes was ob-
tained by rating each of these tasks as they occurred during the mission. Four
raters judged these tasks.

TABLE IV-1
Rating Scale for Task Complexity

Rating Meaning

-3 Very very easy

-2 Very easy

-1 Easy
0 Average
1 Difficult
2 Very difficult
3 Very very difficult

For all tasks the initial rating on a five point scale was performed by two raters
who were quite experienced on the lunar mission, systems, and crew capabilities.
Subsequent to this initial rating and in order to gain a more logical spread in the
ratings, two other raters resolved any discrepancies from the initial ratings and
transposed the data into a 7-point scale as seen in Table IV-1. The final distri-
bution of all tasks to be performed during the LOR and DF modes is shown in
Table IV-2.

Two items are apparent from inspection of Table IV~2., First, in both the LOR
and DF cases, at least 80% of all tasks performed were judged of average or less
than average difficulty. Second, there is an apparent difference in the number of
tasks performed by the crew in the LOR and DF modes, This difference is further
intensified when an additional 102 tasks are added to the LLOR mode to be performed
within the Command Module during the orbit coast phase. The final total number
of tasks for each mode is then 448 tasks for the ILOR and 327 tasks for the DF.

 ER 12-7—~25
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TABLE IV-2

Distribution of Scores on 7-Point Sc-ale for
LOR and DF Modes

Rating LOR Direct
-3 90 92
-2 39 36
-1 44 42

0 125 138
1 40 16
2 8 1
3 0 2
Total 346 327

Thus, task difficulty in both modes may be judged average or of less than
average difficulty based upon tasks currently performed on a variety of manned
systems. Further, the number of tasks to be performed in the LOR is higher than
the number of tasks to be performed in the DF mode.

The various discrete tasks within each of the categories and their difficulty
ratings are shown in Table IV-3.

TABLE IV-3
Task Category
Complexity Complexity Complexity
Systems Management Rating Switching Rating Control Rating
Communication -3 Data entry -3 Transfer to +1
LEM
Switch to dif- Firing
Log check -2 ferent mode 0 initiation +1
Record data -2 Enable 0 Attitude control +2
or +3
Systems check -1 Alignment +1 Translation +2
control
Obtain information -1 Star fix 0
Determine trajectory -1
Compare data 0

Detection monitoring tasks were not rated in the same manner as the other tasks.

As stated earlier, detection monitoring is a continuous process throughout the en-
tire mission. Further, it is highly dependent upon the degree of automaticity and
the type of display system utilized. In order to estimate the difficulty of detection
monitoring tasks, it was decided that some relationship between the number of dis-
play elements to be monitored and visual scans would be the best measure. Further,
this would allow for an estimate of detection monitoring workload. Therefore, it
was assumed that for high detection monitoring performance, one visual scan every

s
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10 minutes for the duration of the mission was required. By counting each subsys-
tem that needed to be monitored, the number of elements monitored could be ob-
tained. Therefore,

Total mission time for ILOR Command Module = 183 hr
6 scans per hr for LOR

30 elements to scan for LOR Command Module
(183)(6)(30) = 32,940 job elements for the CM mission

(a)

Total mission time for LEM = 51 hr
(b) 6 scans per hr for LEM

18 elements per scan
(51)(6)(18) = 5508 job elements for LEM

Total mission time for DF = 183 hr

(c) 6 scans per hr for DF
22 elements to be scanned for DF
(183)(6)(22) = 24, 156 job elements for DF

It therefore appears that the LOR mode requires more detection monitoring
activity than the DF. However, it has been stated earlier in this chapter that
detection monitoring did not seem affected by long term flight (Ref. 6), and
with the exception of some minor modifications the LLOR mode used for the
analysis in the present study was the same one evaluated during the previously
mentioned simulations.

Directly related to the categorization of tasks and evaluation of task difficulty
is the consideration of crew workload. For the purposes of this study, primary
concern is given to significant differences in crew workload between the LOR and
DF modes, or between either of these and some obtained empirical level.

A number of general rules of thumb are available for the assignment of tasks
to determine crew workload which correlate many aspects of the man-machine re-
lationship within any system. These are as follows:

(1) Tasks should be assigned so that at least 80% of the crew member's
capability remains to handle emergencies (Ref. 6).

(2) In long term flight, free time allowed should be sufficient for other
activities, yet limited to safeguard against boredom effects.

(3) Workload level is dependent on the excellence of the display system.
Therefore a proper and usable display system is required to yield
reasonable workload levels during critical flight phases (Ref. 6).

(4) Workload level is also dependent on the duty cycle utilized. (Discussed
later in this section). '

Table IV-4 presents the total number of job elements to be performed by the

crew in each lunar landing system for various discrete phases. Figure IV-1
presents a diagramatic representation of the same data.
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Landing to scientific mission
Prelaunch to transearth insertion
Transearth insertion to Correction 1
Corrections 1 to 2

Corrections 2 to 3

Corrections 3 to 4

Correction 4 to re-entry correction

Re-entry correction to recovery

Fig. IV-1, Comparative Workload Per Minute
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Fig., IV-2. Comparative Workload Per Man Per Minute
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Workoad has been expressed in both the table and the figure as a function of job
elements. Job element is defined as any psychomotor or perceptual act required
for completion of a particular task. Thus, the number of job elements is de-
pendent upon the type of display system utilized.

As can be seen from Table IV-4 and Fig. IV-1, the workload within the LLOR mode
is higher than in the DF mode. However, these data do not take into account the
number of crew members available to perform the tasks within various phases.

Table IV-5 and Fig. IV-2 present the total number of tasks to be performed per man
per minute for each lunar landing mode. Inspection of this table and figure indi-
cates somewhat less of a difference between the two modes, but the workload per
man is still higher in the LLOR than in the DF.

The higher LOR workload level comes about because the larger panel area and
greater crew mobility made possible-~-and desirable--the assignment of more crew
functions than in the DF case. In the latter mode, the inability to display proper
information to the crew necessitated greater task automation. In addition, the
existence of a separate landing vehicle in the LOR mode further increased the num-
ber of crew tasks. Not included in this tabulation but discussed in Section VII is
an additional group of possible tasks associated with repair and maintenance; again,
the increased volume in the LLOR spacecraft would lead to a larger assignment of
crew tasks in this mode.

Figure IV-2 indicates in two instances a much larger workload in the DF mode
than in the LOR mode. These are during the phases from the last translunar cor-
rection to lunar orbit insertion and from lunar prelaunch to transearth insertion.
The additional workload in both of these situations is due to checkouts of onboard
systems, which three men perform in the LOR case as compared with two men in
the DF case. Further, these data do not indicate the workload of the Command
Module in lunar orbit. The tasks to be performed by the crew member in the CM
are stereotyped and constant; nevertheless, the addition of this workload level
during these periods would again indicate the LOR mode having a higher workload.

It is of interest to compare the workload levels for both the LOR and DF modes
with some empirically derived data. The previously mentioned simulation (Ref. 6)
utilized the LOR mode, with a one-man excursion vehicle instead of the two-man
excursion vehicle considered in the present study. The results of comparison with
the simulation data indicated the following:

(1) The simulation workload levels expressed in job elements per man per
minute were considerably higher than those determined in the present \
study (i.e., 7.250 in the earth orbit coast to translunar insertion phase )(
and 12,411 in the lunar orbit insertion to lunar landing phase). These f
measures were, of course, obtained from actual times during which the
crew performed the tasks in the simulations, as opposed to the estimated
times used in the present study.

(2) Performance of the assigned tasks was excellent. There was a general
belief among the pilots that an overload existed, particularly during the
lunar landing and lunar takeoff phases. However, this overload was 7(
believed attributable to the difficult display panel scan pattern required
of the crew during dynamic flight phases.
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Therefore, it appears that the workload levels estimated for both the LOR and

DF modes do not constitute an important factor in crew performance degradation X
since they are both considerably below the levels obtained from simulation data
where performance was found to be excellent. Further, the difference between the
workload levels of the LOR and DF modes is not considered to be of sufficient
magnitude to justify a comparison of performance on this variable.

Continuous task performance and 'time critical' tasks. Another important
factor which must be considered is continued performance of various complex tasks.
In the preceding discussion of the rating of task difficulty, a number of tasks were
shown to be rated as very difficult. However, the difficulty of these tasks as ex-
pressed in the rating system does not present the entire picture. The difficulty
rating scale is based upon the inherent difficulty of the task, without regard to other
factors such as time on the task. A requirement to perform a difficult task con-
tinuously for a considerable period of time during the mission might be expected to
cause a performance degradation. The analysis conducted during this study, and
the available simulation data, both indicate that there are no instances of continuous
difficult task performance for periods longer than one hour with either the LOR or
the DF mode. Therefore, on the basis of this finding, the crew should have little
or no difficulty in maintaining high performance even with the most difficult tasks,
provided there is no interaction effect from another variable.

The consideration of complex task performance has, however, indicated another
area of performance which must be given attention. This is performance on those
tasks which are considered 'time critical." "Time critical' tasks are those which,
although performed for a relatively short period of time, require a very high level
of performance (or a very close tolerance) because of their importance to the mis-
sion. A number of such 'time critical' task periods have been identified. These
are:

(1) Lunar landing--braking, hovering, and landing for both modes.
(2) Lunar launch--for both modes.

(3) Lunar orbit rendezvous--LOR mode.

(4) Transearth insertion--both modes.

(5) Earth re-entry--both modes.

These "time critical' tasks were given particular emphasis during the study, and
will be covered more fully in the discussion of results.

Since the level of performance required, or system tolerance, is an important
variable that must be considered along with performance degradation and task
difficulty, a 3-point rating scale was constructed and the level of performance re-
quired by the crew based on required system tolerances was judged in the same
manner as task difficulty. This scale is presented in Table IV-6. It should be
noted that the difficulty scale and the level-of-required-performance scale were con-
sidered to be independent and were rated accordingly. In constructing this scale,
one primary assumption was utilized. This assumption was that no task would be
assigned to the crew if, in consideration of his expected performance, man could
not meet an 85% correct performance level, as required by the system. The
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mathematical relationship between level of required performance, task difficulty
and performance degradation will be discussed later in this section.

TABLE IV-6
Scaled Values for Level of Required Performance
Scaled Value Meaning
-1 100 to 95% correct performance required
0 95 to 90% correct performance required
+1 90 to 85% correct performance required

Fatigue. The possible effect of fatigue on performance is related to workload.
The analysis of the two systems indicated that two possible variables may be con-
sidered under the heading of fatigue. One variable is concerned with subjective
feelings of fatigue caused by confinement situations and other types of psychological
stress. This variable or the components of this variable which contribute to per-
formance degradation have been included in the restrictive volume factor,

The other variable of fatigue which is an important consideration is that caused
by an improper duty cycle. The analysis performed on both the LOR and DF modes
has indicated that a proper duty cycle may be developed for each. With the LOR
mode, a 26-hr repeatable cycle could be utilized which would have the following
characteristics:

(1) An average on-duty time for the mission in the Command Module of
2 hr,

(2) An off-duty period prior to and after a sleep period.
(3) Two sleep periods, of approximately 4 hr each during each 26 hr.

(4) During the stay on the lunar surface within the LEM, either a 4-on/
4-off or a 4-on/2-off schedule would be satisfactory.

(5) Within the Command Module during lunar orbit coast, the single crew
member could maintain a 4-on/2-off schedule, and he would be on call
for emergencies. Barring emergencies, his tasks during this period are
routine as to communication, monitoring, and systems management.

For the direct mode a 4-on/4-off or 4-on/2-off schedule could be developed which

would satisfy the mission requirements as well as crew performance considerations.

All of these duty cycles have to some extent been verified experimentally, with the
LOR duty cycle having been verified under more realistic conditions (Refs. 4, 5,
6 and 17).

The difference in expected performance between the two modes as a function
of the duty cycles appears insignificant. The ditterence, if any, favors the LOR
mode because of more off-duty time and possibly shorter duty periods. However,
in either case, performance should not be degraded by either duty cycle for the
183-hr mission under consideration.

~
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Summarx. The above discussions can be summarized as follows:

(1) All crew tasks were divided into 3 categories (not including detection mon-
itoring). The categories and the specific tasks contained within them were
rated on a 7-point scale as to task complexity. The task complexity ratings
plus the ratings on performance levels (systems tolerance) are to be com-
bined mathematically with performance degradation factors in estimating
the crew reliability for each mission phase.

(2) Crew workload, continuous difficult task performance, and fatigue due to
duty cycle do not appear to constitute pertinent factors influencing or de-
grading crew performance,

(3) Five "time critical' flight phases have been identified for particular at-
tention, not because of their difficulty but because of their importance to
the successful completion of the mission.

4. Biomechanical and Environmental Stress

The items considered under this particular factor were as follows:
(1) Atmosphere.
(2) Protective equipment,
(3) Noise.
(4) Vibration.
(5) Acceleration.
(6) Radiation.
(7) Weightlessness.

The noise, vibration, and acceleration factors considered in the study were those
given in Appendix A of the Statement of Work, M-WE8020. 001 (Ref. 1). During
the study, these environments were found to be satisfactory for high crew per-
formance and could easily be provided within either the LLOR or DF mode. The
requirements for the internal cabin atmosphere could also be provided for either
mode. Although this oxygen level has been considered a negligible factor in per-
formance degradation in the present study, this assumption warrants reconsidera-
tion when data based on realistic simulation of crew performance at 100% oxygen
levels are available,

The effects of weightlessness are also not considered as contributing to per-
formance degradations in either mode. It is believed that, even within the con-
fines of the restrictive DF volumes, exercise regimes could be developed to main-
tain muscle tone, etc.

The effects of irradiation on performance, of course, are dependent upon the
amount of onboard shielding and solar activity during the period of flight. As dis-
cussed in Section VI, avoidance of doses exceeding 100 rpm at the blood-forming
organs was established as a design criterion for the two systems. Doses on the
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order of 200 to 250 rem might be expected to produce nausea and general illness as
experienced during the early prodromal phase of radiation sickness; under such cir-
cumstances some performance degradation would be likely, particularly for ''time
critical" tasks. With the assumption of the 100-rem limitation, however, radiation
has been eliminated as a significant influence on crew performance.

Pressure suit limitations were not considered as a performance decrement factor.
It was assumed that an adequate suit could be developed both to protect the crew mem-
ber from his immediate environment and also to provide adequate mobility and don-
ning characteristics. For the DF mode, a pressure suit was conceptualized which
would have capability for removal of only certain portions. This would be necessary
in view of the highly reduced volume of this mode. If these developments cannot be
achieved, it is believed that performance decrements in the DF mode will be more
severe than those estimated herein because of the severe volume reductions.

5. General Psychological Stress

One of the major factors that the general literature indicates as a probable de-
gradation factor in skilled performance is psychological stress. The term stress,
itself, cannot be considered descriptive of all the implications of this variable.
Therefore, stress is defined as any external or internal stimulus or complex of
stimuli which produces a change in behavior. It is common practice to consider
this change in behavior as a degradation in skilled performance, abnormal emo-
tional behavior, etc. The difficulty in determining whether a particular stimulus
or a complex of stimuli is stressful is due to the variability of the emitted response,
That is, there are wide intersubject variabilities as well as intrasubject variability.
Further, the wide intrasubject variation would indicate that the responses to stress-
ing agents vary as a function of time. This leads to direct consideration of adaptive
behavior on the part of the subject to stressful stimuli or situations. The complexity
of this problem should now be evident.

In long term space flight such as the lunar landing missions under consideration
in the present study, the delineation of particular factors which would lead to psy-
chological stress is most difficult. One may question whether the confinement en-
vironment itself is a psychological stress. It was indicated earlier that the restric-
tive environment of the DF mode was a possible factor in degrading performance,
and that the degradation might be partially attributable to stress effects. The larger
volume in the LOR mode was not considered to be stressful since a previous simu-
lation (Ref. 6) indicated no signs of stress. The investigation of the LOR mode dur-
ing this simulation not only evaluated stress from performance data but also from
physiological data. During each of three simulated flights, complete urine samples
were taken on all crew members every four hours with the exception of the sleep
periods. Analyses of the urine for corticosteroids no variation in corticosteroid
level from that which would be expected in a nonstressful situation (Refs. 18 and 19).
Further, certain simple behavioral tests were employed (reaction time and time
estimation) which were considered and previously utilized as sensitive stress indi-
cators in another study (Ref. 15). The results of these tests indicated no change
in performance during any of the three flights. It can be fairly well asserted from
the simulator data that there appeared to be no reactivity to any stress by the crew
members as measured in the study. The validity of the above statement is dependent
upon the sustained adherence of simulation to actual flight. There was no physical
danger or environmental condition which could produce a stress. However, there
also was no motivation for the high performance that would exist during a live mission
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in which concern for survival, and excitement of exploration, are actual. Whether
these factors (danger and high motivation) balance each other is only conjectural at
present.

It should be noted that another simulation study utilizing non-test pilot personnel
(Ref. 5) indicated high reactivity to the stress contained within the simulation. This
would tend to indicate again the importance of individual difference in reaction to
stress. The simulation using trained test pilots as crew members represented a
good population sample of those considered as astronauts. This low reactivity to
stress might be considered then as a trait of this population.

Returning to the DF mode, it appears reasonable to assume that the probability
of reactivity to confinement siress increases as the confinement volume decreases.
However, because the specific differentiation of the stress variables is extremely
difficult, its import has been considered included under the general factor called
restrictive volume.

It must be acknowledged that anxiety and other stress factors not related to
specific mission or system considerations may affect crew performance. Such
factors have been neglected in the present study, not because they are considered
negligible, but because of inability to obtain adequate data to support analysis. It
can at least be stated, however, that no evidence was found to suggest that perform-
ance degradation due to these additional stress factors would be significantly dif-
ferent between the two modes.

B. ASSUMPTIONS, CREW TASK ASSIGNMENTS, AND
MATHEMATICAL CONSIDERATIONS

Based upon the discussion presented earlier in this section a number of assump-
tions were made. These are as follows:

(1) Performance degradation throughout the lunar mission in either mode is
primarily a function of volume restriction, task difficulty, and level of
performance required.

(2) The volume restriction factor includes those aspects of confinement and
psychological stress which interact with it. The volume restriction
factor, therefore, is a composite stress factor of all those factors re-
lated to restriction.

(3) The volume degradation factor also includes those effects upon perform-
ance caused by limited mobility, poor sanitation facilities, and poor dis-
play system scan pattern.

(4) All other factors appear to be noncontributing to performance degrada-
tion.

The approach utilized to determine the effects of the three factors on perform-
ance degradation was to mathematically relate each of these three factors. Con-
sideration was initially given to the volume restriction factor. The effect of volume
restriction has been treated as a function of time and the degree of restriction.
Based upon available data, curves showing the volume restriction effects as a
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function of time were developed for each of three categories of tasks: systems man-
agement, switching, and control. Each crew task was put into one of these categories.
Figures IV-3, IV-4 and IV-5 present the reliability of performance for each category
of task as a function of time for three volumes.

The curves giving reliability as a function of volume and time were developed in
accordance with certain general properties, in addition to available specific numer-
ical data. These properties concern the initial slope (degradation rate), overall
dependence on time, and interrelationships between the long term reliabilities,

Consider first the initial degradation rate of the reliability for various capsule
volumes and task categories. For each fixed type of task the initial degradation
rate should be a monotone nonincreasing function of capsule volume; that is, an in-
crease in cabin volume will never cause the reliability on any one type of task to
decay more rapidly at the beginning of the mission. Similarly, at a fixed volume,
the initial degradation rate varies with type of task. The reliability of management
tasks falls off more quickly than does that of switching, and the reliability of control
tasks degrades less rapidly than either of the other two. Thus, at the beginning of a
mission, the reliability will degrade because of both confinement and type of task; fur-
ther, the initial degradation will be greater in capsules of smaller volume and will
be greater for management tasks than for control tasks.

For a given volume and type of task, reliability is a concave function of time.
That is, reliability is a monotone nonincreasing function of time for which the de-
gradation rate is greatest initially. Skills which are acquired through training and
long practice are less susceptible to environmental effects than are behaviors which
require little specific training. Thus, for a given volume, management task reli-
abilities decay relatively quickly to a steady state value, whereas control task reli-
abilities endure longer, with switching task reliabilities in between those of man-
agement and control. However, the ultimate, or steady state, reliabilities for
management tasks will be higher than those of control tasks, because of total for-
getting or extinction of learned performance of the control tasks.

The end-of-mission reliabilities are, for each type of task, larger for larger
cabin volumes. The control task reliability is most sensitive to volume; that is,
an increase in cabin volume will yield a larger increase in end-of-mission control
reliability than in management task reliability.

It should be noted that the three specific volumes utilized were 80 cu ft (DF)
240 cu ft (LOR CM), and 107 cu ft (LEM). The LOR mode necessitated a consid-
eration of both 240~ and 107-cu ft volumes for the respective tasks performed
within each vehicle for specific phases.

With the effects of restrictive volumes on performance for each task category
obtained as described above, an analysis of the different crew tasks asa function of
mission phase was conducted for both modes of lunar landing. This sequential
listing of crew tasks which fell into one of the three task categories is presented
in Appendix A (ER 12750). FEach task was further identified by the following:

(1) Number of crew members involved in performing the task.
(2) Number of job elements involved for each task.

(3) Rating of task difficulty.
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(4) Rating for level of required performance.

The "number of crew members'' category and the 'job elements'' category were
discussed previously under workload. The ratings for task difficulty and level of
required performance were utilized in the following manner.

In computing the average reliability by phases for each type of task, it was neces-
sary to obtain the net reliability for each action within the phase. Thus net relia-
bility was considered to be the product of two factors which, together, accounted for
all the ways in which degradation was assumed to be able to occur. These two fac-
tors are a general environmental factor and a task-specific factor. The curves of
Figs. IV-3, IV-4, and IV-5 showing reliability as a function of volume and time by
types of task, give the general environmental factor. The task-specific factor con-
siders the difficulty, or complexity, of each task, and the allowable tolerance in
performing that task, with regard to overall mission completion. For each task
throughout each mode, these two parameters were evaluated on a rating scale.

The seven-point rating scale used for difficulty is given in Table IV-1, and the
three-point rating scale for allowable tolerance in Table IV-6.

The task-specific factor is then to be related to the ratio of tolerance to diffi-
culty. Clearly the ratio of the two rated values cannot be taken as this factor (for
if it were, net reliabilities might range from - » to + «), so that some scaling was
in order. The task-specific factor is intended to be a fine correction, accounting
for about + 0. 02 in net reliability of each task. Considering that the reliabilities
for man are generally on the order of 0.900, the range of the task-specific factor,
f, was then taken to be

0.980 < f < 1.020.

The rated values of difficulty and tolerance were then suitably mapped into this in-
terval, as summarized in Table IV-T.

TABLE IV-7

Task-Specific Factor as a Function of Tolerance and Difficulty

Difficulty Ratings

Rotine o -3 -2 -1 o 4 42 43
-1 1. 010 1.005 1. 000 0. 995 0. 990 0. 985 0. 980
0 1. 015 1. 010 1. 005 1. 000 0. 995 0. 990 0. 985
+1 1. 020 1.015 1.010 1. 005 1. 000 0. 995 0.990

The computation of average reliabilities over each phase, by type of task, then
consisted of computing the net reliability (the product of the reliability as obtained
from the appropriate volume restriction curve, and the task-specific factor as ob-
tained from Table IV-7) for each task of the given type within the given phase, and
then arithmetically averaging these over the phase.

=
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C. RESULTS

Table IV-8 presents the reliabilities for the crew functions as estimated by the
methods discussed above. These data assume that the crew performs the task with-
out verification of crew actions. In many of the tasks, however, the capability exists
for verification, and a crew member may perform the task again if proper verifica-
tion is not given. Crew performance reliabilities considering the verification capa-
bility were estimated as explained in the '"second try' discussion in Section V. These
values, given in Table IV-9, were employed where applicable in the system relia-
bility estimation.

It should be recognized that, because of the paucity of applicable data and avail-
able techniques upon which to base these reliabilities, there is '"'noise' in the crew
performance reliability data presented. The extent or amount of the 'noise'' cannot
be adequately estimated. Though the procedure followed and the techniques utilized
are intuitively logical, the absolute accuracy of the derived data is somewhat in
doubt. Therefore, the reliability figures for crew performance should be used in
a judicious manner. The manner in which these data were employed in the system
reliability analysis is discussed in Section V.

Earlier in this chapter, it was indicated that there were five 'time critical”
tasks during the mission. Table IV-10 presents the various crew reliabilities on
these time critical tasks, both without response verification and with response veri-
fication where possible.

This table indicates that there are differences between the LOR and DF modes on
these time critical tasks. The greatest differences are noted in the control tasks
during lunar landing and earth entry. One may ask what were the difficulty levels
of these time critical tasks comparing the ILOR and DF. Generally, it was found
that the earth entry tasks in both modes, and the LOR lunar landing tasks, were
judged as very difficult tasks (a rating of +2). The rendezvous and docking task
was also judged very difficult. For lunar orbit escape, the task in the DF mode
was an enabling task (switching category) which was judged of average difficulty
(a rating of 0); for the LOR mode the task was a control task rated as difficult
(a + 1 rating). The DF lunar landing was judged very, very difficult (a rating of
+3). This was the only task in either mode to receive such a high rating. It was
rated in this manner because of the lack of direct visual observation to aid in the
landing. " The lunar launch task for the LOR mode received a difficult rating (+1)
while for the DF mode it was a switching task which was of average difficulty. It
can be seen, then, that the major contribution to crew degradation was the restric-
tive volume, while task difficulty and performance level required played only minor
roles.

The crew reliabilities may appear lower than anticipated; however, they are
primarily dependent upon the expected long term effects of restrictive volumes.
The lowest overall reliabilities occur in switching-type tasks. Increased automa-
tion of these tasks, particularly in the phases toward the end of the mission, would
raise the overall level of performance. The control tasks, though most difficult,
appear to be the least affected so that little concern should be expressed about
man's abilities to perform these complex tasks.
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D. EMERGENCY SITUATIONS

The previously mentioned results applied to a normal flight. It was, however,
considered important to attempt to determine the effects on crew performance from
various types of malfunction of abort situations. Due to time limitations not all the
possible situations could be studied; therefore a sample of six emergency situations
was selected for the DF mode and seven for the LOR. The situations utilized, de-
scribed in Section III, can be summarized as follows:

(1) Meteoroid penetration of the pressure cabin.

(2) Landing engine failure.

(3) Partial electrical power failure.

(4) One crew member disabled on lunar surface.

(5) Partial failure of the environmental control system.

(6) Partial guidance system failure.

(7) (LOR only) LEM propulsion failure in lunar parking orbit.

An analysis of crew tasks to be performed during each of these emergency situa-
tions was conducted and brief task analyses are presented in Appendix B (ER 12750).
The results indicate that with the exception of the man disabled condition and the
LEM propulsion failure in lunar parking orbit all tasks are well within the perform-
ance range and most tasks are not very difficult. Further simulation data has indi-
cated with some similar malfunctions that crew performance during these emergency
conditions is extremely high (Ref. 6). Therefore we must assume that all conditions
presented with the exception of the two listed above do not add significantly to any deg-
radation already present.

The man disabled during lunar landing presents a significant degradation problem
for the DF mode, particularly in consideration of workload. The remaining crew
member would be required to perform all tasks by himself and rely exclusively on
earth control and automatic systems. The LOR workload level also changes but not
as drastically. However, an analogous situation in the LOR mode to the above men-
tioned DF condition would be in the loss of the LEM on the lunar surface. The re-
maining crew member in the LOR command module would be required to return the
vehicle to earth alone. This expected degradation would probably be greater in this
LOR condition than in DF condition already mentioned because of less automation
in the LOR Command Module, and the generally greater task load.

The LEM propulsion failure in lunar parking orbit is another condition which
requires a great deal of effort from the single crew member in the LOR Command
Module. Since this situation would require the single crew member in the LOR
Command Module to perform the rendezvous with the ''stalled" LEM, a number of
critical questions appear. First, are the handling qualities of the LOR Command
Module satisfactory for such a rendezvous task? Second, can a single crew mem-
ber perform the rendezvous with the complex display and control system of the LOR
Command Module ? Both of these questions appear to be unanswerable within the
scope of the present study and therefore no estimates of crew degradation due to

ot
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this malfunétion are given. It would, however, appear to present a major workload
problem for the single crew member in the LOR Command Module.

Both the man-disabled and LEM propulsion failure present abort or malfunction
conditions where man's performance may be limited. Actual assignment of relia-
bility figures as to his performance ability under these circumstances would require
considerable analytical and experimental work.

e e e =
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V. SYSTEM RELIABILITY AND SAFETY

The objective of the reliability and safety analyses was to determine the effects
of man on the successful accomplishment of the Apollo mission for the LOR and DF
modes.

Reliability and safety models upon which the analyses were based initially postu-
lated completely mechanized, automatically operated onboard systems as defined
in Ref. 1. Using the LOR and DF configurations described in Sections II and III,
man was placed into the systems loop--in some cases completely displacing auto-
mated equipment or functions, in some acting in a systems monitoring and verify-
ing capacity, and in others performing switching operations required for main-
tenance of equipment reliability. His effect on mission success and safety was
determined and included in tables following the format and model of the OS (Ref. 1)
tables.

A. ASSUMPTIONS

In order to perform an adequate analysis within the specified requirements,
a number of assumptions had to be made. These assumptions, applying equally
to both the DF and LLOR, constitute the ground rules upon which the study was con-
ducted. They were as follows:

(1) The basis for study, the definition of general mission mathematical
models, and the format for study results were the Ref. 1 tables (re-
vised) and the '"Bases for Reliability Estimates Included in Statement of
Work' provided in Ref. 3. The chief revision affecting these models
was the necessary incorporation of pump-fed LOX-hydrogen in place
of earth storables in the DF configuration.

(2) Environmental control and power systems were included in the DF and
LOR configurations as vital. Based upon equipment reliability estimates,
their incorporation did not alter the phase reliabilities of the OS tables.

(3) Based upon the OS system reliability estimates, communications were not
included as a part of mission reliability and safety. It was therefore
assumed that their failure would in no case cause an abort.

(4) Consistent with the OS estimates, the reliability of equipment was not
considered to degrade during nonoperating or standby periods.

(5) The probability of no critical meteoroid penetrations during each mission
phase was applied to the man-machine phase reliability of each con-
figuration by means of the product rule. The meteoroid model employed
was that of the LEM RFP. Because of uncertainty as to the specific
radiation shielding to be provided in the actual LEM, the probability of
not exceeding a specified integrated dose was not applied directly to the
total mission probability of success, but is discussed separately in Sec-
tion VI.

(6) DF and LOR configurations have equal safety, fuel, and performance
margins throughout the mission.

- AUSTIRSSkiikba
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(7) DF and LOR onboard systems were of the same configuration, except
for the main propulsion systems.

(8) Because of the necessity of computing equipment reliability at the sub-
system and sometimes component levels, eight decimal place values
were used throughout the analysis instead of six decimal place values as
given by NASA in Ref. 3 for system level values of reliability. Crew
performancde reliabilities, estimated to three decimal places, were
assumed to be mean values, thus permitting the use of uniform and more
readily accomplished computations.

(9) In the establishment of man-machine reliability models, the crew per-
formance reliability estimates were considered to cover preclusion of
the man switching a properly operating unit to a standby unit.

B. RELIABILITY AND SAFETY ESTIMATION AND RESULTS

The final results of the reliability and safety analysis are presented in Tables
V-1 and V-2, in the mission phase format used in Ref. 1. Supporting data and
intermediate steps are shown in Tables V-3 through V-9. The models shown in
Tables V-3 and V-4 illustrate the steps employed in calculating the final values;
Tables V-5 and V-6 show the major system and subsystem estimates utilized in
obtaining the phase reliabilities; and Tables V-7, V-8 and V-9 illustrate the in-
corporation of meteoroid penetration hazards into the reliability estimation.

Each table has four groups of values: A, B, C and D. In each case, A shows
the reliability and safety for a fully automatic mechanized system (i.e., the OS
estimates modified as indicated in the above assumptions); B shows reliability and
safety for a fully automatic mechanized system using a perfect man-machine backup
combination; C and D show a partially automatic system with a nonredundant guid-
ance system incorporating emergency backup navigation equipment, C assuming
100% crew performance, and D utilizing crew performance reliability estimates
determined as explained in Section IV. Groups C and D, then, represent the LOR
system relistically postulated on the basis of the present Apollo/LEM development
approach, and Group D represents a conceptually similar hypothetical DF system.
Groups A and B represent more idealized systems somewhat less compatible with
weight and state-of-the-art limitations.

1. Group A--Fully Automatic System

The Group A systems were defined with varying degrees of redundancy as
follows:

(1) Fully redundant, automatic switching of malfunctioning equipment, pro-
grammed enable as applicable.

(a) Power (electrical)--Martin proposed.
(b) Environmental control--Martin proposed.

(c) Attitude control (including roll control)--LEM RFP and Martin
proposed.

)
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(d) Flight control system--LEM RFP and Martin proposed.
(e) Electronics and guidance--LEM RFP.

(2) Partially redundant, automatic switching of failed components, pro -
grammed enable as applicable.

(a) Main propulsion including fuel and oxidizer systems, dual burn
control (fuel and oxidizer), throttling control, hydraulic controls,
propellant utilization, engines.

(b) Airframe and separation.

(c) Instruments.

The basic reliability models used in synthesizing Group A subsystem reli-
abilities are indicated below:

For redundant systems and subsystems:

s@

System reliability = R, [R ARsl +R AQSl Rg +Qp RBRSI]

where:

RA = reliability of equipment A.

RB = reliability of equipment B.

RS = probability that switch S will not shut off a good item of equipment
1 (one-time use),

RS = probability that switch S will shut off a bad item of equipment (one-
2 time use).

RE = reliability of programmed enabling device.

Qi = failure of the ith system (i.e., Q =1- Ri)'

For nonredundant systems,

System reliability = Rp RE

By means of these basic models, equipment, switching, and enabling reli-
abilities were established for subsequent use in the analysis as follows:

(1) Equipment reliabilities (RA, RB' ..) were obtained from Martin LEM

and Apollo analyses.

LRS-
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(2) It was assumed that switching reliability (S) was equal to programmed
enabling reliability (E). Further, it was assumed that RS = RS , l.e.,
1 2
it was equally probable that the switch would not shut off a good item of
equipment as it was that it would switch off a bad item of equipment.

(3) System reliability values used were those given in Tables V-5 and V-6
(Group A).

2. Group B--Fully Automatic System with Perfect (100% Crew Performance) Man-
Machine Backup

These reliabilities are derived phase values using the identical equipments as
defined in Group A with a fully capable man functioning in the equipment loop (i.e.,
100% probability of accomplishing task).

The basic mathematical models used were as follows:

System reliability = RE + QERM RARS + RAQSIRM + QARBRS

1 2

+ QARBQSZRM

where

RA = reliability of equipment A.

RB = reliability of equipment B.
RS = probability that switch S will not shut off a good item of equipment
1 (one-time use).
RS = probability that switch S will shut off a bad item of equipment (one-
2 time use).
RM = probability that man will override malfunctioning of switch, in either
S1 or S2 mode, and enabling device E.
RE = reliability of programmed enabling device.
Q; = failure of the ith system (i.e., Q; =1- Ri)’

1. 000 and the values of equipment,

The Group B values were obtained by using RM

switching, and enabling reliability and probability of failure derived for Group A.

This 'ideal'' system is inconsistent in some areas with weight and state-of-the-
art limitations. The data are included to indicate the order of reliability improve-
ment achievable by adding man in the most ideal manner to an optimum system:.
Since this system does not represent the actual approach envisioned for either mode,
Group B combinations were not re-estimated for the degraded crew performance.
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3. Group C--Partially Automatic System with Recommended Man-Machine

Relationship {1007 Crew Performance)

In this group, a number of changes were made to onboard systems and to the
tasks and functions allocated to the man. The automatic landing system was
eliminated, and simplified backup guidance equipment was employed, rather than
a completely redundant guidance system added. Additionally, tasks assigned to
the man, and automatically programmed enable functions, were modified to con-
form with the task assignments shown in Figs. III-5 and III-6. System re-
liabilities were estimated from the basic mathematical models used in Group B,
using RM = 1,000,

4. Group D--Group C Modified to Include Estimated Crew Performance Reli-
abilities

Group D values incorporate the equipment and operating methods of Group C,
but used the estimated crew performance reliabilities in place of the arbitrary
R,, = 1.000.

M

Using the crew performance reliabilities determined by analysis (Table IV-9)
and the method of operation defined in Figs. III-5 and III-6, probabilities of man
successfully accomplishing assigned tasks and functions were determined as
follows:

(1) Control functions only, no verification, no backup, no second chance

RC-- Columns 1 and 4 of Table IV-9.

(2) Control functions, verifications, correction capability (Columns 2 and 5).

Probability of successfully completing control function =

where

RC = probability of completing control function within required limits.
1

RV = probability of properly verifying control action.

QV = probability of not verifying control action.

QC = probability of not completing control function on first try.
1

RC = probability of completing control function on second try.
2

(3) Enable switch functions, verification, correction capability (Columns
3 and 6).

Probability of successfully completing enabling function =

Rp Ry REIQV + QE1 RyRe,

e
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where

(1)

(2)

(1)
(2)

(3)
(4)

(5)

(6)

Ny

= probability of completing enable (switching) function within re-
quired limits.

= probability of properly verifying enabling (switching) function.
= probability of not verifying enabling (switching) function.

= probability of not completing control function on first try.

= probability of completing control function on second try.

It will be noted in items (2) and (3) above that in all cases where multiple
attempts were feasible to control, enable, or switch, man was given only a single
correcting second try. It is obvious of course, that there will be numerous special
occasions when man will have more than a second try, each succeeding attempt
improving the probability of success (R—=1.000 as a limit.) However, one second
try only was assumed in the study because:

An infinite number of tries was obviously impossible (i.e., R—=1. 000)
and the exact number of tries could not be determined. To eliminate

possible bias to LEM or DF, one re-try only was assumed for this study,

Sufficient data were not available to allow more than one re-try since the
probability of successfully accomplishing succeeding re-tries might not
be constant, Substantially the same mistake might be made over and
over again with obviously doubtful improvement in probability of success
no matter how many re-tries.

C. METEOROIDS

Meteoroid penetration hazards for the two study configurations were estimated
as follows:

Penetration equation of Ref. 20 modified for thin targets was employed.

Bumper effectivity was assumed as three times the effectivity of an
equivalent single skin,

Mutual shielding of components was taken into account.

Earth shielding and lunar shielding during earth orbit, lunar orbit and
lunar landing/takeoff/exploration were assumed to reduce the free
space meteoroids hazard 50%.

It was assumed that the penetration of any equipment or crew compart-
ments would not prevent abort (no immediate catastrophic hazard);
penetration of the crew comparments would not cause destruction of
any equipment mounted inside; and crew members would not be hit by

meteoroids when inside their compartments or when on the lunar surface.

Meteoroid densities were assumed to be 3.5 gm/cc.
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Tables V-7, V-8 and V-9 show the results of the analysis for the DF, the LOR
CM, and the LEM. It will be noted that the crew compartment of the LEM contrib-

_ utes approximately one-third the total meteoroid hazard to LOR. In the DF case

however, the LOX-hydrogen tanks in both the landing module and service module
contribute more than 95% of the meteoroid hazard, and the CM meteoroid hazard
is less than 1% of the total, Additionally, the probability of no penetration is
approximately 98, 3% for the LOR mission and 95, 5% for the DF mission,

D. DISCUSSION OF RESULTS

The key results - the "answers' sought in the study - may be summarized as
follows:

LOR DF
Mission Mission
Success Crew Success Crew
Probability | Safety | Probability Safety
A. 'Ideal' fully automatic 0.4278 0.9078 0.3586 0.8568
system .
B. '"Ideal' fully automatic 0.4655 0.9194 0.3885 0.8678
system with manual
backup (100% crew per-
formance) '
C. Proposed man-machine 0.4618 0.9146 0.3855 0.8635
system with 100% crew
performance
D. Proposed man-machine 0.4201 0.9055 0.3182 0. 8450
system with estimated
crew performance
reliability :

No direct comparison can be made between the figures for the ''ideal" A and B
systems and those for the proposed C and D systems, since in addition to the as-
sumed full automation the "ideal" cases are assumed to have fully redundant guidance
systems. If one were to consider a hybrid system representing the proposed C sys-
tem with automatic landing and without fully automatic guidance redundancy (i.e.,
the C system with man removed from the loop), the estimated reliabilities would
fall well below any of values shown above, running on the order of 0. 3687 for LOR
and 0. 2910 for DF.

Comparison of the C and D figures indicates that for the proposed man-machine
systems, the incorporation of estimated crew performance reliability results in de-
gradation of mission success probability by 9% for the LOR and 17. 5% for the DF.
The crew safety figures exhibit differences of approximately the same order (10%
versus 21.4%). An appreciable reduction in the DF reliability degradation might be
realized by greater automation of functions, particularly in the latter phases of the
mission where the degradation in crew performance is most apparent, as discussed
in Section IV. For the configurations utilized in the present study, however, the
LOR system is inherently more reliable than the DF system, primarily because of
the propulsion differences.

—EEE———
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These results neglect the possibly important aspect of onboard maintenance
which, as indicated in Section VII, would tend to suggest a significant advantage
for the LOR in terms of potential beneficial crew participation.

Although relative to the 'ideal" A and B systems the proposed C and D systems
would be expected to be less reliable because of the necessary elimination of
certain significant equipment redundancy, the levels of estimated reliability are
of the same magnitude. This would indicate that the crew, even with degraded
performance, has in fact contributed significantly to mission success probability.
The benefits of crew participation, however, can only be realized if careful atten-
tion is given to establishment of the proper man-machine combination. For example,
system reliabilities estimated early in the study on the basis of preliminary task
assignment definitions showed that degradations due to estimated crew performance
reliability were approximately twice as great as those shown in the final results.
With further refinement of the relationships, it is believed that improvement in
reliability over that shown in the present study results could be achieved. Such
refinement, however, should be reserved for the actual system to be developed.

The results of the present analysis point up several indications which should
be useful in establishing the final man-machine relationship. For instance, man
has a unique capability of making successive attempts at, or corrections to, en-
abling and control tasks. Systems should be anticipated to take advantage of this
capability and to provide adequate verification opportunity, reminders, backup
programmed enabling, etc. With such provisions, which can be kept quite simple,
the combination of man and machine can be significantly more reliable than either
man alone or more sophisticated automatic systems.

The validity of the present study rests heavily, of course, on the validity of
the crew performance reliability estimation. As indicated in Section IV, the un-
certainties attached to these data warrant continued serious effort to obtain further
analytical and experimental verification of the crew reliability estimates, not only
for the lunar missions but also for planetary missions of longer time durations.
Insofar as possible, data should be obtained from realistic simulation of missions
and tasks using subjects representative of astronaut crews.
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TABLE V-2
C-5 DF Reliability and Safety
T Abort System
Estimated Probability of Probability Abort Mode Abort System Abort System Abort Safety Probability Afte
Reliability Reaching Step of Abort Steps Reliability Unreliability | Failure Probability Lunar Landing
Step R P Q A RA QA s U
1 First stage (no engine out) R, 1.000 ! 1- R, (.999) tower + 16 Rower Rls 1- RA1 P; Q, QA
2 Second stage (no engine out)} R, P R, 1-Ry, (.95) SM + 16 Roy Rig 1 - RA, Py Qy QA,
3 Earth orbit coast Ry P, R, R, 1-R, SM + 186 Rgy Rig 1 - RA, P, QyQA,
1 Third stage (two burns) R, | PiR R, Ry 1-R, SM +14+15+ 16 Rop By Bis Big 1-RA, P, Q, QA
5 Midcourse Ry P R R, R R, 1 - Ry SM + 14+ 15 + 1§ Rgy Rig Ry5 Ryg 1-RAg Py Qg QA
6 Translunar coast RG P (R1 through R5) 1- R6 SM+ 14+ 15+ 16 RSM R14 R15 RIG 1- RAG PG QG QAG
Lunar orbit retro R, P, 7 (R, through R} 1-R, SM + 14+ 15 + 16 Rgy Ryg Rys Ryg 1-RA, P, Q, QA,
- 8 Lunar orbit coast Rg P, 7 (R, through R,) 1 - Ry SM+ 14+ 15 + 18 Ropy Ryg Ryg Ryg 1 - RAg Pg Qg QA
:o 9 Descent to moon j; R9 P1 r (Rl through RB) 1- R9 12+ 13+ 14+ 15+ 186 R12 R13 R14 Rl5 RIG 1- RA9 P9 Qg QAQ
— 10 Landing on moon [ Rig Py (R, through Rg) 1- RIO 12 +13+ 14 +15+ 16 Ry Ryg R14 R,s Rig 1-RA, PIO Q0 QA10
[:".‘ 11 Lunar operations Ry, P, 7 (R, through R, ) 1-R | 12413+14415+16 Ry, Ri; R R Rl 1-RA, P,Q, @, Py, Q RAY,
g 12 Lunar launch R, P, 7 (R, through R ,) 1- R12 None . 0000 1. 0000 P, Q, R4, P, Q) BAy
] 137" Lunar orbit escape Riq P, 7 (R, through R ,) L-R None . 0000 1, 0000 P13 Q3 QW P13 Q3 RAyy
14 Midcourse Rig P, 7 (R; through R, ;) 1-R ., None - 0000 T 1.0000 P1g Q4 QA P Qg RAyy
15 Transearth coast R P 7 (R, through R, ) L-R. | cmarc+1s Roqy AIC Ryg 1-RA . Pl Qs QA P . Q5 RA g
16 Earth entry and landing R16 1:’1 T (R1 through Rlﬁ) 1- R18 None . 0000 1. 0000 PIS QIS QAIS P16 le RA16
Nominal mission probability P, 7 (R, through RIG) 16
20 Crew safety = Z Uj
Abort success probability Z Uj I
j=1
16
Mission success probability Py7 (Rl through RIG) + E Uj
=1
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V-12

TABLE V-4

LOR Estimated Reliability and Crew Safety (Equipment and Meteoroid Hazard)

Abort System Abort
Faflure Probability Success
Probability of Abort Abort Probability for Two
Estimated Reaching Abort Abort Mode System System LEM CM/!| LEM Only Men After
Steps Reliability Step Probability Steps Reliability | Unreliability Lost Lost Lunar Landing
1 A . 8778 1. 0000 L1222 . 9890 0110 0013 .0013
B First stage {no engine out) . 8778 1. 0000 1222 Tower + 20 . 9971 . 0029 . 0304 0004
[ . 8778 1. 0000 . 1222 . 9930 . 0070 0008 .0008
D 8778 1, 0000 1 L1222 - } . 9930 . 0070 0008 L0008 _ e
2 A 8302 L8778 1698 9594 0406 . 0060 . 006
B Second stage (no engine out) . 8302 . 8778 . 1698 . 9672 . 0327 0049 . 0048
c . 8302 . 8778 . 1698 SM - A+ 20 . 9633 . 0367 .0055 . 0055
D . 8302 8778 1698 .9632 o
3 A . 9988 T7287 0011 SMA + 18+ 19 + 20 . 9594
B Earth orbit coast . 9998 . 71287 . 0002 L9672
c 9997 . 7287 . 0003 . 9632
D . 9997 7287 0003 . __.l_.9091 ]
1A 8644 1279 1356 SMA + 18 ¥ 1§+ 20 9049
B Third stage (2 burns) . 8644 . 7286 . 9147
c . 8644 . 7286 . 9093
D 8644 . 7286 o - . 9092 L
5 A 9900 . 6292 SMA + 18 + 19+ 20
B LEM transfer 9952 . 6298
c . 9952 . 6298 . 0048
D . L9903 . 6298 _ . 0097 _ .
5 A . 9460 . 6229 . 0540 SM- A + 18+ 13 4+ 20
B Midcourse . 9477 . 6268 . 0523
[ . 9477 . 6268 . 0523
D . 9477 . 6237 . 0523 . R S |
7 A . 9878 . 5893 Jo122 SM- A+ 18+719+720
B Translunar coast . 9886 5940 L0113
c . 9869 . 5940 . 0131
D 9869 _ | ,5910 0131 _ ,
8 A .'9691 . 5821 0309 SM-A+ 18+ 19+ 20
B Lunar orbit retro . 9718 . 5873 . 0282
c L9714 . 5862 . 0286
D L9714 . 5833 . 0286
5 A .'9988 5641 0012 SM-A +18+ 19 + 20 9049
B Lunar orbit coast 9996 . 5707 0004 9147
[ . 9995 . 5694 . 0004 9095
D L9046 . 5666 0054 i . 9092 —
10 A . 9891 5634 . 0109 Dock + 17 + 18 % 19 + 20[ 7, 8778
B LEM separation 9976 5705 0023 . 8897
[ 9969 . 5691 0031 . 8841
D 9960 5635 . 0040 o _ | _.8840
T A 79990 5572 0010 T5+16+ 17+ 16% 19+ 200 ~. 8753 L0054
B CM orbit coast 9999 . 5691 0001 . 8900 Jo0012
c 9999 . 5674 0001 8838 . 0016
D 9987 _ .5613 . 0012 . 8674 .oo06 . _ _|
17 A 9691 5567 0309 15516+ 17+ 18+ 19+ 200 .8753
B Descent to moon 9718 5691 . 0282 . 8900
c L9714 . 5673 . 0286 . 8838
b 9711 . 5606 0289 . 8674
3 A 8921 . 53957 ~1079 15+T6¥ 17+ 18+ 19+ 300 8753
B Landing on moon . 9415 5530 . 0585 . 8900
c . 9415 L5511 0585 . 8838
D 8850 5444 1150 8674 o
12 A 9877 4813 0123 15+ 16+ 17+ 18+ 19+ 2 8753 0052
B Lunar operations 9975 . 5207 . 0025 . 8900 0012
c 9968 . 5188 . 0032 .8838 L0015
D . 9968 .4818 . 0032 . 8674 L0013
5 A 9691 4754 0309 None 0000 0000
B Lunar launch L9718 . 5194 . 0282 . 0000 . 0000
c L9714 L5171 . 0286 . 0000 0000
D - 9543 . 4801 0457 . 0000 . 0000 1
16 A 9392 74607 0608 TEA + [T+ 18F {3+20| .8769 0246
B Lunar rendezvous and docking 9444 . 5047 0556 8913 0250
c . 9444 . 5023 . 0556 .8832 . 0247
D 9173 4583 . 0827 . 8832 .0335 ]
17 A 9691 4327 0309 Norie 0000 . 0000
B Lunar orbit escape 9718 . 47686 . 0282 . 0000 L0000
c 9714 L4744 0286 . 0000 . 0000
D .9714 . 4204 _.0286 0000 . 0000
8 A 9460 4193 0540 None 0000 . 0000
B Midcourse 9477 . 4632 . 0523 . 0000 .0000
[ . 9477 . 4608 . 0523 . 0000 . 0000
D 9477 4084 _.0523 o 0000 .
19 A 9970 . 3966 . 0030 CMAC ™+ 20 . 9890 J0012
B Transearth coast 9979 . 4390 0021 9971 L0009
C 9961 . 4367 . 0039 9930 L0017
D . 9960 . 3870 0040 9930 5
20 A 9900 3955 0100 None 0000 0000
B Earth entry and landing . 9981 4380 0019 . 0000 .0000
c . 9940 4350 0060 . 0000 - 0000
D . 9940 3854 . 0060 _ | __o0o00 1. 0000 0023 20023 1. ..0000 .
A e A 0921 0841 0363
inal mission ili . . . .
B Nominal probability FeiH z - B . 0806 10766 0283
D i .0854 .0811 0284
A ,% D 0845 . 0876 . 0370
B Abort success probability . 0283
c 0294
: e b o
B Misai ccess it . .01 .9234
p on su probability DT Crew safety = C L9146 L9189
D ‘4201 D . 9055 .9124
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- VI-1
VI. RADIATION EXPOSURE COMPARISON

The radiation exposures calculated for use in this study and the physiological
tolerances allowed are based on data provided in the NASA LEM RFP. Unshielded
entrance doses resulting from the model flare are 7500 and 1310 rad for the LLEM
and CM, respectively. The inherent vehicle shielding capability was computed
from the Martin Apollo study for the two-and three-man Command Modules. In
each Command Module case a specific radiation shield weight allowance of 233 1b
per man was used. The shielding characteristics of the LEM were computed from
Martin's proposed design of the vehicle; no additional weight was allowed for
specific radiation shielding.

The probability distributions of radiation incidence for each mode of operation
are presented in Fig. VI-1 for the blood-forming organs and for the eyes.

The frequency of occurrence model in the LEM RFP indicates a flare of index
intensity every 27.4 weeks (192 days). Taking the mission as a random 7. 6-day
event, the 100-rem exposure probability in the blood-forming organs is 0. 0328
for the crew in the two-man DF vehicle, and also for the man who remains in the
three-man LOR Command Module. For the two men who descend to the moon in
the LEM the overall mission probability of receiving this dose is 0.0365. This
difference could be further reduced if the LEM were provided with specific radi-
ation shielding as permanent equipment or if part of the Apollo shielding were
transferrable before descent. The 100-rem blood-forming organ dose is con-

sidered as the level below which no mission performance degradation should be
expected.

It should be noted that before the 100-rem level is exceeded at the blood-form-
ing organs, eye dosages in excess of the allowable 100-rem will be received, be-
cause of the greater eye exposure. Exceeding this dose will not degrade mission
performance but will increase the probability of eye damage (mild cataracts)
occurring in later years. The probability of 100-rem or greater eye dose is 0.072
for the LEM crewmen and 0.047 in either Command Module. Since the eye dose
can be reduced with only a few pounds of shielding mass, eye exposure is not
considered a significant factor in comparing the two configurations.

All the dosages were computed within the crew compartment in space. Re-
gardless of the mode chosen, these doses will be reduced considerably on the
lunar surface by the shielding (over ~ 2w steradians) of the moon itself. The
dosages may further be reduced by taking temporary shelter under the erected
vehicle on the surface. The net effect of these alleviating factors would be both
a reduction in dosage and a reduction in the relative dosages between the two modes.

Because of the small differences in performance-influencing exposure proba-
bilities between the two modes, and the uncertainty regarding the amount of specific
radiation shielding to be employed in the actual LEM, the probabilities of exceeding
design dosage limits were not introduced into the overall system reliability analyses
of Section V. In view of the payload growth margins included in the LOR and DF
configurations, both modes can be considered equivalent from the standpoint of
radiation as a factor affecting crew performance reliabilities.
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VII. UNSCHEDULED MAINTENANCE CONSIDERATIONS

In the analyses reported in the foregoing sections, the crew functions considered
include those in which man serves as a primary system, as a backup system, or--
by switching from a failed system to an installed backup system--as a maintenance
component, :

Analyses of failure and repair possibilities and the effects of repair possibilities
on mission success probability--such as the study reported in Ref. 21--indicate
that there is another class of crew maintenance functions which for an appropriately
configured system can result in a significant improvement in mission success
probability. These functions take the form of module or component replacement or
repair, and are highly dependent on the specific detailed configuration. For this
reason, the influence of such unscheduled maintenance has not been included in the
basic reliability or crew task analyses of the present study. The effect is poten-
tially large, however, and must not be ignored completely.

Previous analysis of the Apollo/LEM in connection with the work reported in
Ref. 21 has shown that, for a substantial number of failure possibilities, the
addition of spares and tools can result in an appreciably higher reliability improve-
ment than can the addition of an equivalent amount of weight for redundant sub-
systems and associated automatic or manual switching. For the present LOR and
DF configurations, the systems were examined for maintainability during each
phase of the mission. Time to repair, repair procedure, and parts availability
were considered. It was found that 36 system failure/phase combinations in the
DF mode and 51 in the LOR could be identified as maintainable. The differences
result because of the reduced accessibility and spares availability associated with
the more restricted volume of the DF Command Module; and also to a degree be-
cause of duplicate components in the LEM and the LOR Command Module.

A qualitative analysis was made of the reliability improvement afforded by
consideration of these repair possibilities. An index of merit was used, computed
by the following formula:

R, -R
Repair merit index = 100 <—-£1{——_—R—1\I-I—{>
NR
where
RR- = reliability with repair (i.e., with the repaired unit considered
as a redundancy)
RNR = reliability with no repair

Significant differences were noted between the two modes, particularly for the en-
vironmental control system and the guidance system. Lesser differences were
noted in the electrical, flight control, and display systems. In all cases the dif-
ferences were markedly in favor of the LOR case, except for those phases of the
mission subsequent to separation from the LEM for the return to earth; in this
regime, retention of all onboard systems within the DFF Command Module results
in a very slight edge for the DF mode.
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Consideration of possible repair in the event of meteoroid puncture would very
significantly favor the LOR case. Access to the CM structure is quite limited in
the DF; moreover, as shown in Section V, most of the penetration hazard for the
DF is associated with the landing and service modules.

M
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